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POWER  PLANT  ECONOMICS. 


BY  HENRY  G.  STOTT. 


Three  years  ago  the  steam-power  plant  for  the  generation 
of  electricity  had  apparently  settled  down  to  an  almost  uni- 
form arrangement  of  standard  apparatus  in  which  one  power 
plant  differed  from  another  only  in  details  of  construction  of 
engines,  generators,  and  auxiliaries.  As  only  about  twenty 
years  had  then  elapsed  since  the  first  central  station  was  put 
in  operation  on  a  commercial  basis,  this  uniformity  of  design 
seemed  to  indicate  that  in  the  near  future  it  would  only  be 
necessary  to  purchase  a  standard  set  of  power-plant  drawings, 
and  make  the  necessary  changes  in  size  of  units  in  order  to 
have  a  station  of  the  best  type  known  to  the  art. 

The  internal  combustion  or  gas  engine  had  from  time  to 
time  been  brought  forward  as  a  candidate  for  the  position  of 
prime  mover,  with  every  prospect  of  improved  economy  in  fuel 
constimption ;  but  with  the  exception  of  a  few  special  instances 
it  was  not  looked  upon  with  favor,  as  shown  by  the  almost  uni- 
versal use  of  the  steam  engine. 

After  a  long  period  of  development  a  new  factor  in  power- 
plant  design;  namely,  the  steam  turbine,  was  placed  on  the 
market  in  commercial  sizes.  It  is  safe  to  say  that  during 
the  last  three  years  no  other  piece  of  apparatus  has  had  so 
stimulating  an  effect  upon  the  power  plant.  Its  effect  upon 
the  entire  plant  has  been  most  beneficial,  for  it  has  revived 
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the  apparently  moribund  superheater.  This  has  now  been  so 
developed  and  improved  that  superheat  of  200*^  or  300®  fahr. 
can  be  safely  and  economically  obtained.  With  the  develop- 
ment of  the  superheater  further  study  of  the  problem  of  com- 
bustion has  improved  the  efficiency  of  the  furnace ;  and  this  most 
important  subject  is  apparently  susceptible  of  still  further 
development. 

One  other  important  result  of  the  steam-turbine  development 
has  been  the  development  of  condensing  apparatus  to  such  a 
point  of  efficiency  that  a  vacuum  within  one  inch  of  the  simul- 
taneous barometer  reading  can  now  be  maintained  without 
difficulty. 

Another  change  in  the  power  plant  has  been  the  reversion 
to  high-speed  generators,  resulting  in  decreased  cost  of  the 
generator  and  its  foundations,  as  well  as  saving  in  floor  space. 

Last  but  not  least  the  steam  turbine  has  put  the  recipro- 
cating engine  and  the  gas  engine  on  the  defensive  and  has 
actually  been  unkind  enough  to  throw  out  hints  in  regard  to 
the  application  of  Dr.  Osier's  proposed  methods  to  the  treat- 
ment of  older  apparatus. 

The  reciprocating  engine  and  internal-combustion  engine 
have  not  been  slow  in  accepting  this  challenge;  they  have  re- 
sponded by  showing  so  improved  an  economy  (especially  in 
the  gas  engine)  that  the  situation  has  become  most  interesting 
to  the  power-plant  designer.  It  is  safe  to  say  that  the  de- 
velopments of  the  next  ten  years  will  show  very  marked  im- 
provement in  power  plant  efficiency. 

In  regard  to  this  development  the  author  wishes  to  direct 
attention  to  the  basic  fact  that  in  power  plants  one  shotdd  not 
look  merely  for  increased  efficiency  in  the  prime  mover,  but 
should  also  investigate  and  analyze  the  entire  plant  from  the 
coal  to  the  bus-bars:  first,  in  regard  to  efficiency;  secondly, 
in  regard  to  the  effect  of  load-factor  upon  investment;  and 
thirdly,  the  effect  of  the  first  and  second  upon  the  total  cost 
of  producing  the  kilowatt-hour,  which  is  the  ultimate  test  of 
the  skill  of  the  designer  and  operator. 

Efficiency. 

In  Table  1  will  be  found  a  complete  analysis  of  the  losses 
found  in  a  year's  o])cration  of  what  is  probably  one  of  the 
most  efficient  plants  in  existence  to-day  and,  therefore,  typical 
of  the  present  state  of  the  art. 
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TABLE  NO.  1. 

Analysis  of  thb  Avbragb  Losses  in  the  Conversion  op  One  Pound 

OP  Coal  Into  Electricity. 

B.t.u.        %         B.t.u.        % 

1.  B.t.u.  per  potind  of  coal  supplied 14  150     100.0 

2.  Loss  in  ashes 340       2.4 

3.  Loss  to  stack 3  212     22.7 

4.  Loss  in  boiler  radiation  and  leakage..  1  131       8.0 
6.  Returned  by  feed-water  heater 441         3.1 

6.  Returned  by  economizer 960         6.8 

7.  Loss  in  pipe  radiation 28  0.2 

8.  Delivered  to  circulator 223  1 . 6 

9.  Delivered  to  feed-pump 203  1 . 4 

10.  Loss  in  leakage  and  high-pressure  drips  152  1.1 

1 1.  Delivered  to  small  auxiliaries 51  0.4 

12.  Heating 31  0.2 

13.  Loss  in  engine  friction Ill  0.8 

14.  Electrical  losses 36  0.3 

15.  Engine  radiation  losses 28  0.2 

16.  Rejected  to  condenser 8  524  60. 1 

17.  To  house  auxiliaries 29  0  2 

15  551     109.9    14  099     99.6 
14  099       99.6 

Delivered  to  bus-bar 1  452       10. 3 

Discussion  op  Data  in  Table  1. 

Item  1.  B.Lu.  per  Pound  of  Coal  Supplied.  The  thermal 
value  of  the  coal  used  is  evidently  of  prime  importance,  as  it 
affects  the  cost  efficiency  of  the  entire  plant.  The  method  of 
purchasing  coal  used  in  the  plant  from  which  this  heat  balance 
is  derived  is  that  of  paying  for  B.t.u.  only,  with  suitable 
restrictions  on  the  maximum  permissible  amount  of  volatile 
matter,  ash,  and  stdphur. 

A  small  sample  of  coal  is  automatically  taken  from  each 
filling  of  the  weighing  hoppers,  so  that  the  final  sample  repre- 
sents a  true  average  of  a  boat-load  of  coal.  This  final  average 
sample  is  then  pulverized  and  tested  for  heat  value  in  a  bomb 
calorimeter,  after  which  a  proximate  analysis  is  made  of  another 
portion  of  the  sample.  This  method  of  purchasing  coal  has 
been  in  use  for  two  years,  with  highly  satisfactory  results. 

Item  2.  Loss  in  Ashes.  It  is  doubtful  whether  a  further 
saving  in  this  item  can  be  made,  as  the  extra  care  and  labor 
necessary  to  accomplish  any  improvement  would  in  all  prob- 
ability offset  the  saving  in  coal. 
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Item  3.  Loss  to  Stack.  This  is  one  of  the  most  vulnerable 
points  to  attack,  as  the  loss  of  22.7  per  cent,  is  very  large. 
Recent  investigations  show  that  promising  results  may  be 
obtained  by  the  use  of  more  scientific  methods  in  the  boiler  room. 
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In  practically  all  cases  it  will  be  found  that  this  loss  is  due 
almost  entirely  to  admitting  too  much  air  to  the  combustion 
chamber,  resulting  in  cooling  of  the  furnace.  This  result  is 
usually  produced  by  **  holes  "  in  the  fire;  these  '*  holes  "  may 
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))e  due  to  several  catises,  but  usually  are  due  to  carelessness 
on  the  part  of  the  fireman. 

Fortunately,  a  very  valuable  piece  of  apparatus  has  been 
placed  upon  the  market  in  the  shape  of  a  CO,  recording  instru- 
ment. The  results  of  a  series  of  tests  made  with  this  instru- 
ment are  shown  in  Figs.  1  to  4. 

Fig.  1  shows  the  average  condition  of  a  furnace  using  small 
sizes  of  anthracite,  with  forced  draught.  The  conditions  are 
such  that  approximately  40  per  cent,  of  the  thermal  value  is 
being  lost. 

Fig.  2  shows  what  improvement  may  easily  be  obtained  by 
watching  the  CO,  record,  and  indicates  a  saving  of  about  19 
per  cent,  over  the  previous  case. 

In  the  combustion  of  the  small  sizes  of  anthracite  it  is  neces- 
sary to  use  a  draught  of  not  less  than  1.5  in.  of  water;  this 
breaks  the  crust  of  the  fire  in  the  thin  spots,  allowing  the  air 
to  come  through  in  such  volumes  that  an  enormous  amotmt  of 
heat  is  wasted  in  raising  the  temperature  of  the  surplus  air 
and  at  the  same  time  causing  inefficient  combxistion  in  the 
entire  furnace. 

Fig.  3  shows  a  record  taken  from  a  stoker  boiler  whilst  the 
recorder  was  covered  up  to  prevent  the  fireman  from  seeing 
the  record. 

Fig.  4  shows  a  record  taken  from  the  same  stoker  boiler 
with  the  fireman  watching  the  CO,  indications,  resulting  in  a 
saving  of  over  12  per  cent.  Later  records  show  that  even 
better  results  than  an  average  of  11.4  per  cent,  of  CO,  can  be 
obtained. 

Fig.  5  shows  the  calculated  losses  in  fuel  corresponding  to 
various  percentages  of  CO,  for  three  different  temperatures  of 
flue  *gases. 

From  a  consideration  of  the  above  tests  it  seems  reasonable 
to  assume  that  the  22.7  per  cent,  loss  to  stack  can,  by  scientific 
methods  in  the  fire  room,  be  reduced  to  about  12.7  per  cent, 
and  possibly  to  10  per  cent. 

Before  the  installation  of  the  COj  recorder  a  long  series  of 
evaporative  tests  was  made  to  determine  the  most  economical 
draught  to  carry  when  a  high-grade  semi-bituminous  coal  was 
burning  on  the  automatic  stokers.  The  results  shown  in  Fig.  6 
were  so  remarkable  that  they  were  repeated  under  different 
conditions  in  order  to  confirm  them.  Since  the  installation  of 
the  CO,  recorder,  however,  the  explanation  is  apparent*  as  the 
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draught  giving  maximum  evaporation  per  potmd  of  combustible 
corresponds  to  the  point  of  maximum  CO,,  illustrating  the  in- 
herent difficulty  of  maintaining  efficient  conditions  in  the 
combustion  chamber  with  high  draught.  This  is  well  illustrated 
by  Fig.  7,  showing  the  draught,  per  cent,  of  rating,  and  per- 
centage of  CO  J. 

Item  4.  The  loss  in  boiler  radiation  and  leakage,  amounting 
to  eight  per  cent.,  is  largely  due  to  the  inefficient  boiler  setting 
of  brick  which,  besides  permitting  radiation,  admits  a  large 
amount  of  air  by  infiltration.  This  infiltration  will  increase 
with  the  draught,  thus  tending  to  exaggerate  the  maximiun 
and  minimum  points  on  Fig.  6.  The  remedy  for  this  radiation 
and  infiltration  loss  is  evidently  to  use  new  methods  of  boiler 
setting,  such  as  an  iron  plate  air-tight  case  enclosing  a  car- 
bonate of  magnesia  lining  outside  the  brickwork. 

Mr.  W.  H.  Patchell,*  of  London,  who  recently  visited  us,  has 
introduced  very  large  boilers,  assembling  two  in  one  setting; 
each  boiler  has  a  normal  evaporation  of  33  000  lb.  per  hour  and 
in  this  way  has  cut  down  to  a  minimum  the  radiating  surface 
per  square  foot  of  heating  surface.  He  has  also  introduced 
the  iron  case  with  magnesia  lining,  and  with  good  results. 

The  question  of  boiler  leakage  is  one  in  which  the  choice  of 
the  lesser  of  two  evils  is  necessary;  for  in  the  tubular  or  cylin- 
drical boiler  the  leakage  will  undoubtedly  be  less  than  in  the 
water-tube  type,  owing  to  the  smaller  number  of  joints  in  the 
water  space.  But  these  two  advantages  are  offset  by  the  in- 
creased difficulty  of  construction,  and  the  danger  of  using 
large  boilers  of  the  tubular  type,  especially  with  high-pressure 
steam. 

It  is  now  generally  admitted  that  there  can  be  no  more 
difference  in  the  efficiency  of  different  types  of  boilers  under 
similar  conditions  than  there  can  be  in  electric  heaters,  press 
agents  to  the  contrary  notwithstanding. 

Item  5.  Returned  by  Feed-Water  Heater.  The  importance  of 
getting  the  feed  water  to  the  maximum  temperature  obtainable 
is  generally  recognized,  and  would  seem  to  indicate  that  all 
auxiliaries  should  be  steam  driven  so  that  their  exhaust  may 
be  utilized  in  the  feed-water  heater;  in  this  way  the  auxiliaries 
may  operate  at  about  80  per  cent,  thermal  efficiency. 

Item  6.  Owing  to  the  difficulty  of  pumping  water  at  tem- 

♦  See  paper  read  Dec.  7,  1905,  before  the  Institution  of  Electrical  En- 
gineers, by  W.  H.  Patchell. 
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peratures  above  150  degrees  fahr.,  when  under  pressure,  it 
becomes  necessary  to  install  economizers  for  the  purpose  of 
increasing  the  feed-water  temperature  to  200  or  250  degrees 
fahr.  As  this  increase  of  temperature  is  obtained  from  the 
waste  gases  at  no  expense  for  fuel,  it  only  becomes  necessary 
to  consider  the  load-factor,  as  will  be  shown  later,  in  order  to 
decide  whether  economizers  should  be  installed  or  not.  In 
practically  all  cases  where  the  load  factor  exceeds  25  per  cent, 
the  investment  will  be  justified. 

In  deciding  upon  the  size  of  economizer  to  be  installed  it 
is  important  to  consider  first,  the  influence  of  the  economizer 
upon  the  available  draught  due  to  the  obstruction  it  offers  and 
also  due  to  the  reduced  stack  temperature;  the  second  im- 
portant consideration  is  to  equate  the  interest  and  depreciation 
charges  against  the  saving  in  fuel,  and  so  determine  the  amount 
of  investment  justified  in  each  particular  case. 

Item  7.  Loss  in  Pipe  Radiation.  By  the  use  of  two-layer 
pipe  covering,  each  layer  being  approximately  1.5-in.  thick, 
and  sections  put  on  in  such  manner  that  all  joints  are  broken, 
the  radiation  losses  have  become  practically  negligible. 

Items  8  and  9.  Heat  Delivered  to  Circulating  and  Boiler-Feed 
Pumps.  As  these  auxiliaries  may  be  either  electrically  driven 
or  steam  driven  it  is  interesting  to  note  that  the  thermal  effi- 
ciency of  the  electrically-driven  pumps  would  be  equal  to  the 
thermal  efficiency  of  the  plant,  multiplied  by  both  the  efficienoy 
of  conversion  from  the  alternating  to  direct  current  and  by  the 
motor  efficiency.  In  this  case,  there  would  be  a  net  thermal 
efficiency  of  10.3  X  0.93  X  0.90  =  8.63  per  cent.,  whereas 
the  thermal  efficiency  of  the  steam-driven  auxiliary  discharging 
its  exhaust  into  a  feed-water  heater  at  atmospheric  pressure 
woidd  be  approximately  87  per  cent. 

Item  10.  Loss  in  Leakage  and  High-Pressure  Drips.  The  loss 
in  leakage  should  be  infinitesimal,  and  the  high-pressure  drips 
can  be  returned  to  the  boilers,  so  that  practically  all  the  loss 
under  this  heading  is  recoverable. 

Items  11,  12,  and  17  are  probably  unavoidable  and  of  so  small 
a  magnitude  as  not  to  merit  much  consideration. 

Item  13.  Loss  in  Engine  Frictioyi.  Recent  tests  of  a  7  500-h.p. 
reciprocating  engine  show  a  mechanical  efficiency  of  93.65 
per  cent,  at  full  load,  or  an  engine  friction  of  G.35  per  cent. 
As  this  forms  only  0.8  per  cent,  of  the  total  thermal  losses  it  is 
relatively  unimportant.     Attention  is  called  to  the  method  of 
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lubricating  all  the  principal  bearings  by  what  is  known  as  the 
flushing  system,  whereby  a  large  quantity  of  oil  is  put  through 
all  the  bearings  by  gravity  feed  from  elevated  oil  reservoirs 
common  to  all  the  units;  after  passing  through  the  bearings 
the  oil  is  returned  by  gravity  to  oil  filters  in  the  basement  and 
then  pumped  up  to  the  reservoir  tanks  again.  About  200  gal- 
lons per  hour  are  put  through  each  engine,  and  of  this  quantity 
only  about  0.5  per  cent,  is  lost.  This  method  of  oiUng  un- 
doubtedly contributes  to  the  general  result. 

Item  14.  As  large  electrical  generators  can  now  be  obtained 
which  give  from  98  to  98.5  per  cent,  efficiency,  it  would  seem 
as  if  the  limit  in  design  had  >^een  reached  and  that  hereafter 
the  problem  of  design  is  to  be  merely  one  of  altering  dimensions 
to  suit  varying  sizes  and  speeds.  While  this  is  true  as  far  as 
the  efficiency  is  concerned,  other  problems  are  continually 
arising,  such  as  the  design  of  generators  for  an  overload  capacity 
of  100  per  cent,  to  meet  the  demand  for  apparatus  capable  of 
taking  care  of  great  overloads  economically  for  short  periods, 
corresponding  to  peak  loads  of  a  railroad  or  lighting  plant. 

Iteyn  15.  Engine  Radiation  Losses.  This  source  of  loss  has 
evidently  been  reduced  to  a  negligible  quantity  by  the  use  of 
improved  material  and  methods  of  heat  insulation. 

Item  16.  Rejected  to  Condenser,  60.1  per  cent.  This  imme- 
diately introduces  the  thermodynamics  of  the  steam  engine,  a 
subject  so  broad  that  it  will  be  impossible  to  do  more  than 
touch  upon  some  of  the  most  important  points  in  considering 
steam-engine  efficiency. 

The  efficiency  of  any  heat  engine  can  be  expressed    by  the 

T  —  T 
ratio  oi  E  =  — ^—^ — —  where  T^  is  the  absolute  temperature  of 
-*  1 

the  steam  entering  the  engine  and  T^  the  absolute  temperature 
of  the  steam  leaving  the  engine.  Thus  in  the  engine  whose 
steam-consumption  curv^e  is  given  in  Fig.  8,  if  the  initial  pres- 
sure is  175  lb.  gauge  and  the  vacuum  at  the  low-pressure  ex- 
haust nozzle  is  28  in.,  then  the  maximum  thermal  efficiency  is 

— _J —  =  33  per  cent.     This  would  be  true  for  any  form 
837 

of  engine  or  turbine  working  between  the  same  temperature 

limits. 

In   Fig.   8,  however,  it   is  seen  that  the  point  of  maximum 

economy  shows  a  steam  consumption  of  approximately  17  lb. 
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per  kilowatt-hour,  which  is  equivalent  to  20  349  B.t.u.  per 
hour.  One  kilowatt-hour  is  equal  to  3  412  B.t.u.  per  hour, 
so  that  the  actual  efficiency  of  the  steam  engine  and  generator 

is  =  ^Q  ,    Q  =16.7  per  cent.   As  the  generator  efficiency  at 

this  load  is  approximately  98  per  cent,  the  net  engine  thermo- 

1  A    7 

dynamic  efficiency  is  pr-^  =  17  per  cent. 

The  difference  between  the  theoretical  efficiency  and  the 
actual  is  then  33—  17  =  16  per  cent.,  of  which  0.8  per  cent, 
has  already  been  accotmted  for  in  engine  friction,  so  that  the 
balance  of  15.2  per  cent,  is  due  to  cylinder  condensation,  in- 
complete expansion,  and  radiation. 

As  the  engine  friction  in  a  two-bearing  engine  with  high- 
pressure  poppet  valves  and  low-pressure  Corliss  valves  has  by 
careful  design  been  reduced  to  less  than  0.8  per  cent,  gain 
can  not  be  expected  here,  so  attention  must  be  centered  on  the 
loss  due  to  cylinder  condensation,  etc.,  amotmting  to  15.2 
per  cent.,  in  order  to  effect  any  improvement. 

Superheated  steam  is  the  only  remedy  at  hand  and  with  it 
we  can  probably  effect  an  improvement  of  5  or  6  per  cent,  by 
using  such  a  degree  of  superheat  in  the  boilers  that  dry  steam 
will  be  had  at  the  point  of  cut-off  in  the  low-pressure  cylinder. 

Any  greater  amount  of  superheat  than  this  will  merely  re- 
sult in  loss  to  the  condenser;  for  it  should  be  remembered  that 
the  cylinder  losses  increase  with  the  difference  in  temperature 
between  the  steam  and  exhaust  portions  of  the  cycle;  in  other 
words,  the  greater  the  thermal  range  of  temperature  the  greater 
the  condensation  loss.  This  would  seem  to  point  to  the  use 
of  more  cylinders;  but  this  involves  additional  first  cost  and 
friction  as  well  as  more  space  and  higher  maintenance  charges. 

Fig.  9  shows  what  may  be  gained  by  reducing  the  tempera- 
ture at  the  end  of  the  cycle  by  means  of  increased  vacuum, 
but  in  the  case  in  point  the  maximum  vacuum  obtainable*  in 
practice  was  used  so  that  no  additional  economy  can  be  ex- 
pected in  this  way. 

Summary  of  Analysis  op  Heat  Balance. 
The  present  type  of  power  plant  using  reciprocating  engines 
can  be  improved  in  efficiency  as  follows: 

Reduction  of  stack  losses 12% 
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Reduction  in  boiler  radiation  and  leakage 5% 

Reduction  in  engine  losses  by  the  use  of  superheat.   6^ 
resulting  in  a  net  increase  of  thermal  efficiency  of  the  entire 
plant  of  4. 14  per  cent. ,  and  bringing  up  the  total  thermal  efficiency 
from  10.3  per  cent,  to  14.44  per  cent. 

The  Steam  Turbine. 

A  typical  economy  curve  of  a  steam  turbine  is  shown  in 
Fig.  10.  An  inspection  of  this  curve,  which  represents  what 
is  probably  the  best  results  obtained  up  to  date,  shows:  first, 
that  the  best  economy  on  dry  saturated  steam  is  practically 
equal  to  that  of  the  reciprocating  engine  in  Fig.  8;  secondly, 
that  200  degrees  superheat  reduces  the  steam  consumption 
13.5  per  cent.  Bu^^alculating  the  total  heat  units  in  super- 
heat from  Hi  =  H4  0.48  (/2--^)  the  B.t.u.  per  kilowatt-hour 
are  20  349  for  dry  saturated  steam,  whilst  for  200  degrees 
superheat  they  are  19  008  or  a  net  thermal  saving  of  6.6  per 
cent.  The  shape  of  the  economy  curve,  however,  is  much  flatter 
than  that  of  the  reciprocating  engine,  so  that  the  all-day  effi- 
ciency of  the  turbo  unit  would  be  considerably  better  than 
that  of  the  reciprocating  engine,  with  the  other  great  advantage 
of  costing  approximately  33  per  cent,  less  for  the  combined 
steam  motor  and  electric  generator. 

High-Pressure  Reciprocating  Engine  with  Low-Pressurb 
Turbine  on  its  Exhaust. 

The  inherent  principles  involved  in  the  design  of  the  steam 
turbine  show  that  it  can  be  expected  to  give  an  almost  perfect 
adiabatic  expansion,  as  there  are  no  thermal  cycles  of  heating 
and  cooling  at  every  stroke  as  in  the  reciprocating  engine; 
there  is  an  almost  ideal  thermal  drop  from  the  steam  valve  to 
the  condenser.  It  is  also  evident  that  the  expansion  'v^'ill  be 
relatively  more  nearly  adiabatic  in  the  low-pressure  stage  of 
the  turbine  than  in  the  low-pressure  cylinder  of  the  engine, 
so  that  it  has  been  proposed  that  the  reciprocating  engine  should 
be  run  high  pressure  where  relatively  it  is  more  efficient  than 
the  steam  turbine,  utilizing  the  turbine  for  the  low-pressure 
part  of  the  cycle.  In  other  words,  use  each  where  it  is  most 
efficient. 

The  following  calculations  show  approximately  what  might 
be  expected  from  such  a  combination. 
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The  5  000- kw.  reciprocating-engine  unit  whose  economy  curve 
is  shown  in  Fig.  8  was  tested  running  non- condensing  and  found 
to  take  25.5  lb.  of  steam  per  kilowatt-hour,  or  50  %  more  steam 
than  when  running  condensing. 

This  unit  would  then  deliver  127  500  lb.  of  steam  to  a 
specially  designed  low-pressure  turbine.  By  the  use  of  super- 
heat in  the  main  steam  supply,  steam  having  a  quality  of  at 
least  90  %  could  be  delivered  to  the  turbine,  and  recent  experi- 
ments indicate  that  this  low  pressure  turbine  could  be  expected 
to  develop  a  kilowatt-hour  on  26.5  lb.  (This  figure  can  evi- 
dently be  greatly  improved  by  the  introduction  of  superheat 
into  the  low-pressure  exhaust  steam  from  the  engine) . 

The  total  power  developed  from  the  combined  unit  would 
then  be  5  000  kw.  -f  4  807  kw.  =  9  807  kw.  at  a  total  ex- 
penditure of  127  500  lb.  of  steam  per  hour,  or  of  13  lb.  steam 
per  kilowatt-hour  for  the  combined  unit. 

This  turbo  unit  would  be  interposed  directly  between  the 
exhaust  nozzle  of  the  reciprocating  engine  and  the  condenser, 
and  would  have  no  valves  or  governing  mechanism  whatever. 
The  generator  would  be  connected  directly  to  the  other  gen- 
erator leads  without  any  switching  apparatus,  except  possibly 
knife  switches  to  disconnect  for  testing  purposes ;  and  in  operation 
no  attention  whatever  would  be  required  beyond  the  ordinary 
lubrication  of  bearings.  Such  a  unit  it  is  evident  could  be  built 
at  a  very  small  cost  per  kilowatt-hour. 

The  Internal  Combustion  or  Gas  Engine. 

The  gas  engine  has  probably  developed  more  slowly  than 
any  other  piece  of  modem  apparatus,  as  it  is  now  thirty  years 
since  the  Otto  gas  engine  was  introduced.  It  is  only  within 
the  last  ten  years  that  the  larger  type  of  engine,  from  500  to 
2  000  h.p.  in  size,  has  appeared.  The  delay  in  bringing  for- 
ward the  most  efficient  motive  power  known  is  chiefly  due  to 
the  difficulty  experienced  in  developing  an  efficient  and  in- 
expensive method  of  making  gas.  As  far  as  the  production 
of  gas  from  anthracite  and  non-caking  bituminous  coals  is 
concerned  this  problem  has  apparently  been  solved,  but  it  is 
still  in  a  more  or  less  unsolved  condition  for  the  richer  bi- 
tuminous and  semi-bituminous  caking  coals  of  the  eastern 
states. 
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The  following  heat  balance  is  believed  to  represent  the  best 
results  obtained  in  Europe  and  the  United  States  up  to  date 
in  the  formation  and  utilization  of  producer  gas. 

Analysis  op  the  Average  Losses  in  the  Conversion  op  One  Pound 
OP  Coal  Containing  12  500  B.t.u.  into  Electricity. 

B.t.u.  Per  cent. 

1.  Loss  in  gas  producer  and  auxiliaries 2  500     20. 

2.  Loss  in  cooling  water  in  jackets 2  375     19. 

3.  Loss  in  exhaust  gases 3  750     30. 

4.  Loss  in  engine  friction 813       6.5 

5.  Loss  in  electric  generator « 62      0.5 

6.  Total  losses 9  500     76.0 

7.  Converted  into  electrical  energy 3  000    24.0 

12  500  100.0 

The  great  objection  to  the  use  of  the  gas  engine  for  electrical 
purposes  has  been:  first,  its  lack  of  uniform  angtdar  velocity; 
secondly,  its  tmcertainty  in  action  and  high  cost  of  main- 
tenance ;  and  thirdly,  its  inability  to  carry  heavy  overloads. 
Recent  developments  have  removed  the  first  and  second  ob- 
jections; and  a  period  of  vigorous  development  has  resulted 
in  placing  the  gas  engine  in  the  front  rank  of  claimants  for 
attention  as  a  prime  mover. 

The  total  investment  for  a  gas-producer  plant,  all  auxiliaries, 
gas  engines,  and  electric  generators,  has  been  reduced  by  the 
elimination  of  the  gas-holding  tank  to  a  point  where  it  is  now 
practically  on  a  par  with  a  first-class  steam  plant  using  high- 
grade  reciprocating  engines. 

Where  natural  gas  or  blast-fumace  gas  can  be  obtained  the 
gas  engine  has  outdistanced  all  competitors;  and  now  that 
some  of  our  large  manufacturers  have  taken  up  in  earnest  the 
problem  of  designing  producer-gas  plants,  it  is  safe  to  say 
that  rapid  developments  will  result. 

The  records  of  operation  of  several  important  installations 
of  gas  engines  in  power  plants  abroad  and  in  this  country  seem 
to  indicate  that  only  one  important  objection  can  be  raised 
to  this  prime  mover,  and  that  is  that  its  range  of  economical 
load  is  practically  limited  to  between  50  per  cent,  load  and 
full  load,  as  shown  in  Fig.  11.  This  lack  of  overload  capacity 
is  probably  a  fatal  defect  for  the  ordinar\-  power  plant,  more 
especially  for  the  average  railroad  plant  operating  under  a 
violently  fluctuating  load,  imless  protected  by  a  storage-battery 
of  comparatively  large  capacity. 
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New  Type  op  Plant. 

Over  a  year  ago,  while  watching  the  effect  of  putting  a  large 
steam  turbine  having  a  sensitive  governor  in  multiple  with 
reciprocating  engine-driven  units  having  sluggish  governors,  it 
occurred  to  the  author  that  here  was  the  solution  of  the  gas- 
engine  problem;  for  the  turbine  immediately  proceeded  to  act 
like  an  ideal  storage-battery;  that  is,  a  storage-battery  whose 
potential  will  not  fall  at  the  moment  of  taking  up  load,  for  all 
the  load  fluctuations  of  the  plant  were  taken  up  by  the  steam 
turbine,  and  the  reciprocating  units  went  on  carrying  almost 
constant  load,  whilst  the  turbine  load  fluctuated  between 
0  and  8  000  kw.  in  periods  of  less  than  1 0  seconds. 

The  combination  of  gas  engines  and  steam  turbines  in  a  single 
plant  offers  possibilities  of  improved  efficiency  whilst  at  the 
same  time  removing  the  only  valid  objection  to  the  gas  engine. 

A  steam-turbine  unit  can  easily  be  designed  to  take  care  of 
100  per  cent,  overload  for  a  few  seconds;  and  as  the  load  fluctua- 
tions in  any  plant  will  probably  not  average  more  than  25%, 
with  a  maximum  of  50%  for  a  few  seconds,  it  would  seem  that 
if  a  plant  were  designed  to  operate  normally  with  50%  of  its 
capacity  in  gas  engines  and  50%  in  steam  turbines,  any  fluctua- 
tions of  load  likely  to  arise  in  practice  could  be  taken  care  of. 

We  have  seen  that  the  thermal  losses  in  the  gas-engine  jacket- 
water  amounted  to  approximately  19%,  and  as  the  water  is 
discharged  at  a  temperature  above  100°  it  can  be  used  to  ad- 
vantage for  boiler  feed. 

The  jacket-water  necessary  for  an  internal  combustion  engine 
will  probably  be  about  40  lb.  per  kilowatt-hour,  assuming  that 
the  jacket-water  enters  at  50°  fahr. ;  then  the  discharge    tem- 
perature will  be  50 -f  ^?^^f^^,?^   =  109.4°  fahr. 
40X100 

As  the  steam  turbine  will  require  only  about  15  lb.  per  kilo-, 
watt-hour,  including  auxiliaries,  it  is  evident  that  only  37.5% 
of  this  heat  or  7.1%  of  the  jacket-water  loss  can  be  utilized. 
The  other  loss  in  the  exhaust  gases  of  30%  can  be  utilized  either 
in  economizers  or  directly  in  boilers  or  superheaters. 

Thus  by  utilizing  the  waste  heat  in  the  gas  engines  for  the 
purpose  of  assisting  to  make  steam  for  the  turbines,  there  can 
be  saved  approximately  37%  of  the  total  heat  lost  in  the  gas 
engine. 

In  the  summary  of  analysis  of  heat  balance  it  was  shown 
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that  one  can  reasonably  expect  to  bring  the  reciprocating 
engine  plant  up  to  a  maximum  total  thermal  efficiency  of  14.44%, 
or  possibly  with  steam  turbines  using  superheat,  to  15%. 

Referring  now  to  Table  1  it  will  be  noted  that  in  Item  2  the 
loss  in  ashes  was  2.4%,  and  the  loss  to  stack  in  Item  3  was 
22.7%;  now  with  the  hot  gases  from  the  gas-engine  exhaust  it 
is  evident  that  the  loss  in  2  will  not  exist,  and  that  Item  3  will 
be  reduced  from  22.7%  to  about  5%  as  the  process  of  com- 
bustion is  completed  in  the  gas  engine.  The  total  efficiency 
of  conversion  of  this  30%  of  heat  from  the  waste  gases  when  used 
in  the  turbine  plant  would  then  be  15.0  +  2.4+  (22.7  —  5)  = 
35..1%. 

The  heat  recoverable  from  the  jacket-water  was  shown  to 
be  7. 1%  of  the  total  heat  in  the  coal  so  that  there  is  30%  +  7.1% 
=  37.1%  of  the  original  heat  in  the  fuel  returned  from  the  gas 
engine,  and  this  can  be  converted  into  electrical  energy  at  an 
efficiency  of  35.1%. 

For  each  kilowatt  delivered  by  the  gas-engine  plant,  3  918 
B.t.u.  will  be  simultaneously  turned  over  to  the  steam  plant, 
and  this  in  turn  will  give  403  watts  to  the  steam  plant  free  of 
cost. 

The  steam  plant  will  then  have  only  to  furnish  1  000  —  403, 
or  597  watts  per  kilowatt  at  a  thermal  efficiency  of  15%;  in 
other  words,  the  economy  of  the  steam  part  of  the  plant  will 

15 
be  raised  to  ,-  -_  =  25%. 
O.o9/ 

The  average  total  thermal  efficiency  of  such  a  combination 

24  +  25 
plant  would  then  be  ^^--^ —  =  24.5%. 

Load-Factor  and  Investment. 

In  Fig.  12  the  interest  depreciation  and  taxes  on  a  plant 
costing  $130.00  per  kilowatt,  which  may  be  taken  to  represent 
a  first-class  steam  or  internal  combustion  plant,  is  shown  plotted 
in  conjunction  with  various  load-factors. 

Another  curve  is  plotted  showing  the  minimum  investment 
with  a  plant  in  which  the  prime  mover  would  be  steam  turbines 
and  designed  othenv-ise  without  regard  to  efficiency,  leaving 
out  economizers,  feed-water  heaters,  etc.,  and  thus  reducing 
the  investment  to  $90.00  per  kilowatt.  This  cheap  and  rela- 
tively inefficient  part  of  the  plant  wotdd  only  be  operated  on 
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peak  loads  of  two  or  three  hours*  duration,  corresponding  to  a 
load-factor  of  0.1  or  less  found  in  possibly  40%  of  the  output 
of  our  lighting  plants. 

In  Table  2  will  be  found  a  tabulation  of  the  relative  values 


Distribution     op 


TABLE  II. 
mar^tbnancb     and     operation.       charges     per 
Kilowatt-Hour. 


Recip- 

Gas 

Recip- 

Steam 

rocating 

Gas- 

Engines 

rocating 

Turbines 

Engines 

Engine 

and 

Engines 

&  Steam 
Turbines 

Plant 

Steam 
Turbines 

Maintenance. 
1.  Engine    room    mechan- 

ical  

2.57 

0.51 

1.54 

2.57 

1.54 

2.  Boiler  room  or  producer 

room 

4. 61 

4.. 30 

3.52 

1.15 

1.95 

3.  Coal-   and   ash-handling 

apparatus 

0.58 

0 .  54 

0.44 

0.29 

0  29 

4.  Electrical  apparatus. . . . 

1.12 

1.12 

1.12 

1.12 

1.12 

Operation. 

5.  Coal-  and   ash-hardling 

labor 

2.2G 
1   00 

2.11 
0.94 

1   74 
0.80 

1.13 
0.53 

1  13 

6.   Removal  of  ashes 

0.53 

7.  Dock  rental 

0.74 
7.  15 

0.74 
0.08 

0.74 
5.46 

0.74 
1.79 

0.74 

8.   Boiler-room  labor 

3.03 

9.   Boiler-room    oil,    waste. 

etc 

0.  17 

0.17 

0.17 

0.17 

0.17 

10.  Coal 

01.30 

57  30 

46.87 

26.31 

25.77 

11.   Water 

7   14 

0.71 

5.46 

3.57 

2.14 

12.  Engine-room    mechan- 

ical labor 

G  71 

1   35 

4.03 

6.71 

4.03 

13.   Lubrication 

1   77 

0  35 

1  01 

1.77 

1.06 

14.  Waste,  etc 

0.30 

0  30 

0.30 

0.30 

0.30 

15.  Electrical  labor 

2.52 

2  52 

2  52 

2.52 

2.52 

Relative    cost    of    mainten- 

ance and  operation .  . 

100  00 

79.64 

75  72 

50.67 

46.32 

Relative   investment   in   per 

cent 

100.00 

82.. 50 

77  00 

100.00 

91.20 

of  tlic  various  items  necessary  in  the  maintenance  and  opera- 
tion of  a  power  plant.  The  first  column  covers  a  plant  with 
compound  condensing  reciprocating  engines  without  super- 
heat, and  is  derived  from  a  year's  record  of  actual  costs  of  a 
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large  plant  operating  with  a  load-factor  of  approximately  50 
per  cent. ;  load-factor  in  this  case  being  defined  as 

Actual  output 

Maximum  hour's  load  X  24 

The  values  in  the  other  columns  have  in  the  main  been  esti- 
mated from  the  first  column,  but  wherever  possible  actual 
data  derived  from  various  sources,  both  domestic  and  foreign, 
have  been  used;  but  in  all  cases  all  values  have  been  reduced 
so  as  to  make  them  directly  comparable  with  the  first  column, 
and  with  one  another.  The  values  in  maintenance  and  opera- 
tion of  steam  turbines  are  derived  from  actual  costs. 

Summary. 

1.  The  present  type  of  steam-power  plant  can  be  improved 
in  efficiency  about  25  per  cent,  by  the  use  of  more  scientific 
methods  in  the  boiler  room,  by  the  use  of  superheat,  and  by 
running  the  present  types  of  reciprocating  engines  high  pres- 
sure, and  adding  a  steam  turbine  in  the  exhaust  between  the 
engine  and  the  condenser.  At  the  same  time  the  output  of 
the  plant  can  be  increased  to  double  its  present  capacity  at 
a  comparatively  small  cost  for  turbines  and  boilers. 

2.  The  steam-turbine  plant  has  an  inherent  economy  20  per 
cent,  better  than  the  best  type  of  reciprocating-engine  plant, 
not  so  much  due  to  its  higher  thermal  efficiency  as  to  a  variety 
of  causes  shown  in  Table  2. 

3.  An  internal  combustion-engine  plant  in  combination  with 
a  steam-turbine  plant  ofTers  the  most  attractive  proposition 
for  efficiency  and  reliability  to-day,  with  the  possibility  of 
producing  the  kilowatt-hour  for  less  than  one  half  its  present 
cost. 
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Discussion  on  "  Power  Plant  Economics/'  at  New  York, 
January  26,  1906. 

E.  W.  Rice,  Jr.:  In  analyzing  the  losses  that  take  place 
in  the  conversion  of  a  pound  of  coal  into  electricity  in  a  steam 
electrical  plant,  Mr.  Stott  makes  use  of  the  method  that  has  been 
so  successful  in  increasing  the  efficiency  of  electrical  apparatus. 
Twenty  years  ago  efficiencies  of  75  or  80  per  cent,  were  con- 
sidered entirely  satisfactory  for  electrical  generators;  but  by 
careful  attention  to  the  core  losses,  iron  losses,  bearing  losses, 
and  other  details,  the  efficiency  has  been  increased  to 
95  or  98.5  per  cent.  For  large  imits  this  efficiency  is  now 
considered  standard.  In  these  matters  the  electrical  engineer 
has  fortimately  been  greatly  aided  by  the  ammeter,  voltmeter, 
and  wattmeter,  which  have  been  evolved  to  assist  him.  Un- 
forttmately,  similar  instruments  do  not  exist  for  the  examina- 
tion of  steam  engines  or  steam-engine  cycles;  if  the  steam  engi- 
neer had  the  equivalent  of  the  ammeter  and  voltmeter,  I 
feel  confident  that  the  efficiency  of  the  steam-engine  plant 
would  have  been  very  greatly  increased. 

At  this  point  it  is  interesting  to  note  the  large  sa\4ng 
that  can  be  effected  in  item  3,  **  Loss  to  Stack,**  in  Table  1, 
by  intelligently  following  out  the  indications  given  by  the 
CO,  recorder,  a  most  useful  instnmient.  The  author  shows 
quite  conclusively  the  high  efficiency  of  steam  auxiliaries. 
This  naturally  follows  from  the  fact  that  the  latent  heat  can 
be  usefully  employed  to  raise  the  temperature  of  the  feed 
water.  It  is  evident  that  in  a  case  where  the  heat  of  exhaust 
can  be  usefully  employed,  the  mechanical  power  can  be  ob- 
tained at  high  efficiency  by  using  steam  in  a  steam  engine 
between  boiler  pressure  and  atmospheric  exhaust.  A  familiar 
illustration  of  this  is  to  be  found  in  the  use  of  exhaust  steam 
from  high-pressure  engines  to  heat  buildings.  During  the 
period  and  to  the  extent  that  such  exhaust  steam  can  be  utilized 
for  this  purpose,  or  for  manufacturing  purposes,  mechanical 
power  can  be  obtained  at  high  efficiency  by  the  use  of  simple 
or  compound  engines  operating  from  boiler  pressure  down  to 
the  pressure  of  the  exhaust.  In  this  case  the  engine  may  be 
considered  as  a  simple  reducing  valve,  reducing  the  pressure. 
From  the  standpoint  of  convenience,  simplicity,  reliability, 
and  avoidance  of  unnecessary  steam  pipes,  no  doubt  there  is 
much  to  be  said  in  favor  of  electrically-driven  auxiliaries,  but 
they  cannot  compare  in  heat  efficiency  with  steam-driven  aux- 
iliaries. It  is  unfortunate  that  no  way  is  known  at  present 
of  overcoming  the  losses,  some  60  per  cent.,  of  heat  units  re- 
jected to  the  condenser.  This  emphasizes  the  importance  of 
working  with  the  highest  possible  vacuum.  Before  the  intro- 
duction of  the  steam  turbine,  there  was  no  demand  for  a  vacuum 
greater  than  26  inches.  The  steam  turbine  is  so  admirably 
adapted  to  working  over  the  lower  ranges  of  pressure,  that 
immediately  a  demand  arose  for  the  use  of  higher  vacuiun, 
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and  it  is  now  common  to  find  vacua  of  28.5  to  29  inches 
the  barometer  being  assumed  at  30. 

Mr.  Stott  calls  attention  to  the  large  increase  in  output  and 
the  improvement  of  efficiency  which  results  from  interposing  a 
turbo  electric  tinit  between  the  exhaust  nozzle  of  the  recipro- 
cating engine  and  the  condenser.  In  Philadelphia  there  are 
two  800-kw.  turbo  generators  operating  exactly  according  to 
the  plan  proposed  by  the  author  of  this  paper.  One  of 
these  tinits  has  been  in  operation  for  the  last  two  months, 
and  the  other  is,  I  believe,  just  started.  As  a  result,  there 
has  been  added  to  the  power  plant  a  capacity  of  from  1  600 
to  2  000  kw.  without  any  additional  consiunption  of  coal  or 
appreciable  addition  to  the  labor.  If  enough  turbines  were 
placed  in  operation  in  such  a  plant  to  utilize  all  of  the  exhaust 
steam,  the  output  could  be  easily  increased  by  some  66  per 
cent.  The  increased  investment  would  possibly  be  but  one- 
half  of  the  original  investment  in  such  a  power  station. 

In  view  of  the  higV>er  efficiency  of  the  steam  turbine  as  com- 
pared with  the  reciprocating  engine  in  the  lower  ranges  of  pres- 
sure, it  will  be  found  profitable  to  employ  a  steam  turbine 
for  even  a  smaller  range  of  pressure  than  that  between  atmo- 
sphere and  28.5  inches;  in  other  words,  a  steam  turbine  may 
be  inserted  in  the  exhaust  between  the  low-pressure  cylinder 
and  the  condenser  in  almost  any  reciprocating-engine  plant. 
In  this  case  a  steam  turbine  would  work  over  a  range  of,  say, 
between  20  and  28.5  inches  of  vacuum,  corresponding  in  abso- 
lute pressures  to  between  10  lb.  and  0.75  lb. 

I  am  not  quite  sure  that  Mr.  Stott  recommends  the  combina- 
tion of  reciprocating  engine  and  steam  turbine  in  the  exhaust 
as  something  to  be  considered  in  planning  a  new  station.  If 
so,  it  seems  to  me  that  the  advantages  gained  by  such  a  corn- 
bination  would  not  offset  the  added  complexity.  I  believe, 
however,  it  is  a  most  excellent  means  of  increasing  the  econ- 
omy, by  adding  to  the  output,  of  existing  reciprocating-engine 
station*.  In  considering  the  application  of  steam  turbines  to 
the  lower  range  of  pressures,  I  have  found  the  following  table 
of  value: 

Number  of  ft-lb.  per  lb.  of  energy  in  steam  between  175  lb. 

absolute  and  0.751b.  absolute,  or  28.5  in.  vacuum  262  000 
Between  2  lb.  absolute,  or  26  in.  vacuum,  and  28.5  in.  .226  600 
Between  5  lb.  absolute,  or  20  in.  vacuum,  and  28.5  in . .  157  000 
Between  14.7  lb.  absolute,  or  atmospheric  pressure,  and 

28.5  in 139  000 

It  will  be  observed  from  the  latter  figure  that  some  53%  of 
the  total  available  energy  in  steam,  between  175  lb.  absolute 
pressure  and  28.5  in.  vacuum,  exists  in  the  so-called  vacuum 
portion,  and  that  some  40%  of  this  energy  remains  between 
20  in.  vacuiim  and  28.5  in,  vacuxun. 


28  POWER  PLANT  ECONOMICS.  [Jan.  26 

Discussion  on  **  Power  Plant  Economics,"  at  New  York. 
January  26,  1906. 

E.  W.  Rice,  Jr.:  In  analyzing  the  losses  that  take  place 
in  the  conversion  of  a  poiind  of  coal  into  electricity  in  a  steam 
electrical  plant,  Mr.  Stott  makes  use  of  the  method  that  has  been 
so  successful  in  increasing  the  efficiency  of  electrical  apparatus. 
Twenty  years  ago  efficiencies  of  75  or  80  per  cent,  were  con- 
sidered entirely  satisfactory  for  electrical  generators;  but  by 
careful  attention  to  the  core  losses,  iron  losses,  bearing  losses, 
and  other  details,  the  efficiency  has  been  increased  to 
95  or  98.5  per  cent.  For  large  imits  this  efficiency  is  now 
considered  standard.  In  these  matters  the  electrical  engineer 
has  fortimately  been  greatly  aided  by  the  amimeter,  voltmeter, 
and  wattmeter,  which  have  been  evolved  to  assist  him.  Un- 
fortunately, similar  instruments  do  not  exist  for  the  examina- 
tion of  steam  engines  or  steam-engine  cycles ;  if  the  steam  engi- 
neer had  the  equivalent  of  the  ammeter  and  voltmeter,  I 
feel  confident  that  the  efficiency  of  the  steam-engine  plant 
would  have  been  very  greatly  increased. 

At  this  point  it  is  interesting  to  note  the  large  sa\4ng 
that  can  be  effected  in  item  3,  **  Loss  to  Stack,"  in  Table  1, 
by  intelligently  following  out  the  indications  given  by  the 
CO,  recorder,  a  most  useful  instrument.  The  author  shows 
quite  conclusively  the  high  efficiency  of  steam  auxiliaries. 
This  naturally  follows  from  the  fact  that  the  latent  heat  can 
be  usefully  employed  to  raise  the  temperature  of  the  feed 
water.  It  is  evident  that  in  a  case  where  the  heat  of  exhaust 
can  be  usefully  employed,  the  mechanical  power  can  be  ob- 
tained at  high  efficiency  by  using  steam  in  a  steam  engine 
between  boiler  pressure  and  atmospheric  exhaust.  A  familiar 
illustration  of  this  is  to  be  foimd  in  the  use  of  exhaust  steam 
from  high-pressure  engines  to  heat  buildings.  During  the 
period  and  to  the  extent  that  such  exhaust  steam  can  be  utilized 
for  this  purpose,  or  for  manufacturing  purposes,  mechanical 
power  can  be  obtained  at  high  efficiency  by  the  use  of  simple 
or  compound  engines  operating  from  boiler  pressure  down  to 
the  pressure  of  the  exhaust.  In  this  case  the  engine  may  be 
considered  as  a  simple  reducing  valve,  reducing  the  pressure. 

From  the  standpoint  of  convenience,  simplicity,  reliability, 
and  avoidance  of  unnecessary  steam  pipes,  no  doubt  there  is 
much  to  be  said  in  favor  of  electrically-driven  auxiliaries,  but 
they  cannot  compare  in  heat  efficiency  with  steam-driven  aux- 
iliaries. It  is  unfortunate  that  no  way  is  known  at  present 
of  overcoming  the  losses,  some  60  per  cent.,  of  heat  tmits  re- 
jected to  the  condenser.  This  emphasizes  the  importance  of 
working  with  the  highest  possible  vacuum.  Before  the  intro- 
duction of  the  steam  turbine,  there  was  no  demand  for  a  vacuum 
greater  than  2G  inches.  The  steam  turbine  is  so  admirably 
adapted  to  working  over  the  lower  ranges  of  pressure,  that 
immediately  a  demand  arose  for  the  use  of  higher  vacuum, 
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and  it  is  now  common  to  find  vacua  of  28.5  to  29  inches 
the  barometer  being  assumed  at  30. 

Mr.  Stott  calls  attention  to  the  large  increase  in  output  and 
the  improvement  of  efficiency  which  results  from  interposing  a 
turbo  electric  tinit  between  the  exhaust  nozzle  of  the  recipro- 
cating engine  and  the  condenser.  In  Philadelphia  there  are 
two  800-kw.  turbo  generators  operating  exactly  according  to 
the  plan  proposed  by  the  author  of  this  paper.  One  of 
these  tinits  has  been  in  operation  for  the  last  two  months, 
and  the  other  is,  I  believe,  just  started.  As  a  result,  there 
has  been  added  to  the  power  plant  a  capacity  of  from  1  600 
to  2  000  kw.  without  any  additional  consimiption  of  coal  or 
appreciable  addition  to  the  labor.  If  enough  turbines  were 
placed  in  operation  in  such  a  plant  to  utilize  all  of  the  exhaust 
steam,  the  output  could  be  easily  increased  by  some  66  per 
cent.  The  increased  investment  would  possibly  be  but  one- 
half  of  the  original  investment  in  such  a  power  station. 

In  view  of  the  higher  efficiency  of  the  steam  turbine  as  com- 
pared with  the  reciprocating  engine  in  the  lower  ranges  of  pres- 
sure, it  will  be  found  profitable  to  employ  a  steam  turbine 
for  even  a  smaller  range  of  pressure  than  that  between  atmo- 
sphere and  28.5  inches;  in  other  words,  a  steam  turbine  may 
be  inserted  in  the  exhaust  between  the  low-pressure  cylinder 
and  the  condenser  in  almost  any  reciprocating-engine  plant. 
In  this  case  a  steam  turbine  would  work  over  a  range  of,  say, 
between  20  and  28.5  inches  of  vacuimi,  corresponding  in  abso- 
lute pressures  to  between  10  lb.  and  0.75  lb. 

I  am  not  quite  sure  that  Mr.  Stott  recommends  the  combina- 
tion of  reciprocating  engine  and  steam  turbine  in  the  exhaust 
as  something  to  be  considered  in  planning  a  new  station.  If 
so,  it  seems  to  me  that  the  advantages  gained  by  such  a  com- 
bination  would  not  offset  the  added  complexity.  I  believe, 
however,  it  is  a  most  excellent  means  of  increasing  the  econ- 
omy, by  adding  to  the  output,  of  existing  reciprocating-engine 
station*.  In  considering  the  application  of  steam  turbines  to 
the  lower  range  of  pressures,  I  have  found  the  following  table 
of  value: 

Number  of  ft -lb.  per  lb.  of  energy  in  steam  between  175  lb. 

absolute  and  0.751b.  absolute,  or  28.5  in.  vacuum  262  000 
Between  2  lb.  absolute,  or  26  in.  vacutim,  and  28.5  in.  .226  600 
Between  5  lb.  absolute,  or  20  in.  vacuum,  and  28.5  in. .  157  000 
Between  14.7  lb.  absolute,  or  atmospheric  pressure,  and 

28.5  in 139  000 

It  will  be  observed  from  the  latter  figure  that  some  53%  of 
the  total  available  energy''  in  steam,  between  175  lb.  absolute 
pressure  and  28.5  in.  vacuum,  exists  in  the  so-called  vacuum 
portion,  and  that  some  40%  of  this  energy  remains  between 
20  in.  vacuiim  and  28.5  in,  vacuxun. 
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It  is  also  important  to  remember  that  if  the  vacuum  can  be 
increased  from  28.5  in.  to  say  29.4  in.,  the  ft.  lb.  available  are 
increased  about  12  per  cent. 

The  author's  suggestion  of  a  new  type  of  plant,  to  obtain 
the  benefits  of  the  gas  engine  and  unite  that  with  the  well- 
known  flexibility  and  overload  capacity  of  the  steam  turbine, 
is  certainly  interesting.  The  gain  in  total  efficiency  is  so  re- 
markable as  to  warrant  careful  and  respectful  consideration. 
I  cannot  help  being  surprised  at  the  low  estimate  of  the  relative 
cost  of  maintenance  and  operation  of  a  gas-engine  plant  as  com- 
pared with  the  estimates  for  reciprocating  engines  or  steam 
turbines,  aside,  of  course,  from  the  item  of  coal.  I  was  not 
aware  of  the  existence  of  sufficient  data  of  this  character  to 
warrant  such  figures. 

A  word  as  to  the  original  investment,  in  considering  the 
relative  investment  of  a  plant  consisting  of  reciprocating  en- 
gines, whether  gas  or  steam,  particularly  the  steam  type,  as 
compared  with  the  rotary  engine  of  the  steam-turbine  type: 
I  think  it  pertinent  and  important  to  consider  that  reciprocating 
engines  have  been  built  for  many  years,  that  the  methods  of 
design  and  manufacture  are  familiar,  and  that  the  cost  of 
manufacture  has,  probably,  therefore  been  reduced  to  a  min- 
imum. It  is  hardly  reasonable,  therefore,  to  look  for  any 
future  material  reduction  in  the  price  of  such  reciprocating 
units.  The  steam  turbine,  however,  is  of  a  comparatively 
recent  date,  and  it  is  reasonable  to  expect,  looking  forward 
^ve  or  ten  years,  that  improvements  in  methods  of  design  or 
manufacture  will  result  in  a  very  material  reduction  in  cost. 
Furthermore,  I  have  been  informed  that  the  cost  of  recip- 
rocating engines  of  large  size  reaches  a  minimum  at  sizes  of 
units  even  below  those  which  are  now  used  in  large  stations, 
and  the  cost  may  be  expected  to  increase  with  any  material 
increase  in  size.  On  the  other  hand,  the  steam  turbine  shows 
no  such  limitations,  as  there  are  now  in  course  of  manufacture 
turbine  units  of  8  000  or  10  000  kw.,  nominal  rating,  capable, 
of  course,  of  the  usual  50  per  cent,  overload,  or  even  double 
load  momentarily.  The  original  investment  becomes  a  most 
important  factor  in  the  operating  cost  of  a  power  plant,  as  in- 
terest, depreciation,  maintenance,  are,  other  things  being  equal, 
substantially  proportional  to   the   first   cost. 

It  seems  to  me  that  while  we  cannot  ignore  any  substantial 
increase  in  the  efficiency  of  conversion  of  coal  into  electricity, 
the  central  station  designer  m  .ist  in  the  future,  even  more 
than  in  the  past,  give  due  heed  to  the  important  questions  of 
simplicity  and  reliability.  The  plant  should  have  the  highest 
practicable  degree  of  wo-^king  efficiency,  but  it  must  above  all 
things  be  reliable.  I  believe  that  in  simplicity  and  reliability 
the  steam  tarbine  will  outdo  all  rivals.  I  cannot  help  feeling 
that  the  modem  station  has  developed  into  a  very  complicated 
makeup.     I  would  like  to  see  the  units  reduced  to  the  fewest 
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practicable  niimber,  not  only  the  generating  units,  but  the  boil- 
ers, auxiliaries,  steam  pipes,  switchboard  appliances,  etc.  The 
safety  devices  and  instruments  should  be  as  simple  and  as  few 
in  nimiber  and  variety  as  is  consistent  with  reliable  operation 
of  the  station. 

Charles  E.  Lucke:  I  think  that  the  author  of  this  paper 
has  evidently  sought  to  find  a  place  for  the  reciprocating  engine, 
the  steam  turbine,  and  the  gas  engine.  His  main  conclusion 
is,  that  for  economy  of  power  generation  in  cost  per  kilowatt- 
hour,  including  manufactured  cost,  with  interest,  depreciation, 
and  other  establishment  charges,  the  gas-engine  plant  offers, 
in  the  present  type  of  steam-power  plant,  much  greater  economy, 
twice  as  much,  in  fact,  as  the  reciprocating-engine  plant;  and 
that  with  the  combination  of  a  turbo-generator  and  a  gas-engine 
generator,  there  are  still  greater  economical  advantages.  In 
this  connection  it  is  necessary  to  remark  that  of  all  the  power 
used  throughout  the  United  States,  the  number  of  horse  power 
generated  in  high-efficiency  central  stations  is  but  a  very  small 
percentage.  The  arguments  which  apply  to  stations  similar 
to  the  station  indirectly  referred  to  by  the  author  would  not 
necessarily  apply  to  all  power  stations  under  all  conditions. 
There  are  conditions  for  ever}'  installation  which  will  un- 
doubtedly determine  its  type,  and  these  are  very  seldom  con- 
siderations of  high  economy  or  thermal  efficiency.  If  exhaust 
steam  is  needed  in  large  quantities — in  works  where  evaporating 
is  to  be  done,  or  boiling,  or  washing,  or  heating  of  a  building — 
there  can  be  no  discussion  of  power  costs,  and  the  power  station 
simply  becomes  a  question  of  what  steam  engine  units  can  be 
bought  and  kept  in  repair  for  the  least  money.  Steam  economy 
is  a  matter  of  no  consequence  in  this  case.  If  property  is  ex- 
tremely valuable  and  the  current  generated  can  be  sold  at  a 
good  profit,  no  matter  what  the  price,  then  undoubtedly  tur- 
bines must  be  selected.  If  there  is  an  enormous  quantity  of 
gas  available,  as  in  a  blast-furnace  plant,  then  everything 
points  to  the  selection  of  the  gas  engine. 

The  average  small  power  station  for  electric  generation, 
when  operated  by  steam,  has  a  very  much  lower  thermal 
efficiency  and  a  ver\'  much  higher  power-cost,  than  have  these 
large  highly  refined  stations.  If,  as  proved  by  the  author, 
power-costs  by  gas  are  less  for  the  highly  refined  station,  and 
if,  as  is  the  fact,  the  gas-engine  station  does  not  fall  off  in  effi- 
ciency, nor  rise  in  power  cost  as  its  size  decreases,  then  it  must 
inevitably  follow  that  the  small  gas-engine  plant  for  electric 
generation  will  have  a  higher  relative  value  than  the  large  one, 
compared  with  steam.  The  author  shows  by  some  very  ex- 
cellent curves  that  the  economy  or  efficiency  of  the  whole  plant 
will  vary  with  the  load,  and  that  for  a  steam  plant  the  varia- 
tions are  probably  the  largest  and  most  controllable  in  the 
boiler  room.  He  also  shows  that  the  boiler  economy  is  very 
much  poorer  at  high,  forced  loads  than  under  light  loads,  and 
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that  the  only  way  to  gtiard  against  this  is  by  eternal  watch- 
fulness. 

Corresponding  to  the  boiler  in  the  steam  plant,  there 
is  a  gas-producer  in  the  gas  plant.  The  gas-producer  is 
much  less  sensitive  to  changes  in  load,  resulting  in 
changes  in  economy,  than  the  boiler  plant.  This,  I  think,  is 
a  strong  point  in  favor  of  the  gas-producer  plant.  Again, 
there  is  practically  no  electric  station  nmning  on  a  steady 
load.  The  load  changes  are  of  two  kinds:  a  steadily-rising  load 
from  hour  to  hour  during  the  day.  and  a  correspondingly  de- 
creasing load;  also  a  momentary  fluctuation,  a  sudden  rise  and 
an  equally  sudden  drop.  The  hour-to-hour  changes  are  to  be 
handled  in  a  central  station  by  putting  on  more  imits,  or  by 
taking  them  off.  This  means  that  in  the  boiler  room  there 
must  always  be  a  certain  ntmiber  of  fires  banked  or  in  reserve, 
or  both.  Now,  it  is  also  true  that  the  same  conditions  will 
prevail  in  the  case  of  a  gas-producer  plant,  but  the  coal  con- 
simied  by  banked  fires  or  reser\e  fires  in  the  gas-producer  is 
very  much  smaller  than  for  the  same  horse  power  of  steam 
boilers.  This  is  another  point  in  favor  of  the  producer  gas. 
The  ash  loss,  which  is  small  in  any  case,  becomes  almost  zero 
in  the  case  of  the  gas-producer;  because  in  the  producer  there 
is  always  left  a  bed  of  ash  in  the  bottom,  so  that  coal  imme- 
diately after  being  burned  does  not  fall  through  the  grate  bars 
as  in  the  case  of  steam  boilers. 

The  author  calls  attention  to  a  load  economy  curve  for  a 
gas  engine,  and  draws  the  conclusion  that  a  gas  engine 
having  this  cur\^e  should  not  be  used  at  anything  less 
than  half  load,  because  its  efficiency  falls  off  very  much 
indeed  toward  no  load.  The  conclusion  is  entirely  justified 
with  respect  to  the  engine  that  produced  this  particular  cur\*e, 
but  it  is  not  justified  with  respect  to  all  gas  engines.  The 
reason  for  the  economy  of  a  gas  engine  varying  with  the  load 
is  to  be  found  in  the  governing  mechanism.  This  results  when 
the  governor  of  the  gas  engine  acts  as  a  throttle  on  the  mix- 
ture; in  such  a  case,  for  the  entire  suction  stroke  of  the  engine 
the  piston  must  work  against  the  constantly  increasing  vacuum 
clear  to  the  end;  that  is,  there  will  be  a  loss  due  to  working 
below  the  atmospheric  line.  If  the  lost  work  of  the  engine,  as 
effected  by  the  governor  action,  is  eliminated  or  reduced  to  a 
minimum,  the  economy  load  curve  will  be  perfectly  flat.  The 
curve  presented  becomes  then  not  a  criticism  of  the  gas-engine 
economy,  with  load,  but  a  criticism  of  that  particular  type  of 
governor  which,  I  am  confident,  will  disappear   in  time. 

The  superior  efficiency  of  the  ^as-cnj^ine  plant  is  acknowl- 
edged, but  not  so  often  as  it  should  be.  The  reciprocating 
engine  has  been  a  long  time  in  reaching  the  efficiency  it  has  to- 
day. For  years  nothing  was  done  to  increase  the  efficiency 
of  gas  engines;  and  it  is  only  within  the  last  five  or  six  years 
that  there  has  been  any  marked  activity  in  improving  gas  engine 
efficiency,  reUability,  and  regulation. 
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It  is  well  known  that  the  efl&ciency  of  such  a  tinit  depends 
on  the  compression,  and,  therefore,  other  things  being  equal, 
the  greater  the  compression  before  ignition,  the  greater  the 
increase  in  efficiency.  Theoretically,  there  is  no  limit  to  the 
compressing;  practically  there  is,  but  I  am  confident  that  some 
of  these  practical  difficulties  will  be  overcome  in  time.  At  the 
present  time  mixtures  of  air  and  gas  are  being  used  in  practically 
correct  chemical  proportions,  and  the  compression  pressure 
now  used  is  determined  by  the  temperature  of  ignition  of  such 
a  mixture.  If  such  a  mixture  were  diluted;  that  is,  if  much 
excess  air  or  neutral  gases  or  internal  cooling  were  used,  then 
this  mixture  could  be  compressed  very  much  more  without 
pre-ignition,  and  a  corresponding  gain  in  efficiency  would  result. 
This  has  not  been  done  up  to  the  present  time,  simply  because 
no  one  has  yet  designed  a  proper  proportioning  valve  for  keeping 
the  mixture  constant  for  all  conditions,  and  because  no  one 
has  yet  designed  instruments  that  will  indicate  at  a  glance  on 
a  dial  the  proportions  of  air  to  gas,  the  percentage  of  dilution 
of  mixture,  the  B.t.u.  per  cubic  foot  of  gas,  the  B.t.u.  per 
cubic  foot  of  mixture,  the  mean  effective  pressure,  and  other 
similar  information. 

As  designed  at  present  the  gas  engine  can  never  regulate  as 
well  as  the  turbine.  There  are  gas-engine  builders  who  insist 
that  they  can  do  as  well  in  this  respect  as  turbine  builders, 
but  the  contention  is  ridiculous.  The  gas  engine  can,  however, 
regulate  alternators  in  parallel  sufficiently  well  for  most  ordinary 
work,  but  the  turbine  can  do  even  better.  In  Germany,  last 
siunmer,  I  foimd  gas  engines  as  high  as  4  000  h.p.  single  units 
running  on  dirty  gas  and  on  clean  gas,  on  rich  gas  and  on  poor 
gas,  and  giving  perfect  satisfaction,  chiefly  because  they  were 
properly  designed  and  properly  handled.  I  found  large  units 
in  blast-furnace  plants,  operating  24  hours  a  day,  for  eight 
weeks  without  a  stop  or  shut-down  of  any  kind,  and  more  than 
that,  doing  something  which  required  most  positive  certainty 
of  operation.  These  furnaces  were  absolutely  depemdemt  on  an 
air  blast  nmning  exclusively  on  gas  engines,  and,  in  more  than 
one  case,  without  a  single  spare  unit.  Thousands  of  dollars 
were  involved  in  the  certainty  of  the  blast,  and  all  went  right 
on  from  year  to  year.  In  spite  of  sensitiveness  to  proper 
handling,  some  gas  engines  will  run  under  extremely  adverse 
conditions.  In  one  place  in  this  country  I  have  found  the  gas 
very  imperfectly  cleaned,  containing  a  great  deal  of  grit  and 
dirt  that  was  finally  carried  into  the  engines  in  quite  large 
quantities.  Grit  and  dirt  in  a  gas  engine  cause  trouble ;  they  grind 
out  the  pistons,  interfere  with  the  valves,  and  clog  the  gov- 
erning mechanism.  But  though  all  these  things  happened  in 
this  instance,  the  engines  are  still  running.  Recently  I  took  a 
gas  valve  out  of  one  of  these  engines,  and  scraped  off  20  pounds 
of  oil.  ore  d\ist,  and  coke  dust.  The  valve  had  been  in  two 
months.     The   engine   was   still   nmning,   and   doing   its   work 


34  POWER  PLANT  ECONOMICS,  [Jan.  26 

reasonably  well.     These  are  little  facts  which  point  a  great 
moral. 

The  gas  engine  has  a  maximum  load  capacity  proportional 
to  its  piston  displacement,  and  so  has  the  steam  engine.  The 
steam  engine  is  ordinarily  operated  at  less  than  its  maximimi 
load,  and  is,  therefore,  said  to  have  an  overload  capacity.  The 
gas  engine  is  said  to  have  no  overload  capacity,  because  it  is 
intended  normally  to  operate  at  nearly  its  maximtmi  load.  Now, 
if  a  gas-engine  plant  were  to  be  handled  as  the  steam  plant  is, 
then  there  would  be  considerable  difficulty  about  meeting  the 
load  from  this  lack  of  overload  capacity  or  the  refusal  of  the 
gas  engine  men  to  operate  their  machines  normally  at  part 
load;  but  there  is  another  way  out  for  the  gas  engine  which 
has  not  been  mentioned  and  which  ought  to  be,  and  that  is 
the  possibility  of  cutting  in  and  out  of  spare  units  on  short 
notice.  I  know  of  seven  units  each  of  2  000  h.p.  capacity, 
that  have  been  repeatedly,  the  whole  seven,  put  on  a  load 
in  three  and  a  half  minutes.  There  is  no  cylinder  condensation 
to  worry  one.  All  one  has  to  do  is  to  pull  the  handle  for  the 
compressed  air,  give  a  twirl  to  the  water  valve,  open  the  gas 
valve,  and  then  carry  load  and  obtain  synchronism  by  the 
usual  methods. 

This  method  of  handling  the  plant  will  not,  however,  take 
care  of  momentary  wide  fluctuations ;  the  best  method  of  doing 
this  is,  I  think,  that  proposed  by  Mr.  Stott. 

C.  C.  Chappelle:  There  seems  to  be  some  difficulty  in  ob- 
taining accurate  information  regarding  the  comparative  op- 
erating costs  of  steam-turbine  plants,  the  chief  reason  being 
that  a  large  number  of  the  turbines  now  in  use  form  additional 
units  in  reciprocating-engine  stations.  I  have  in  mind  a  plant 
of  about  15  000  kw.,  the  operating  conditions  of  which  are 
comparable  with  those  in  the  large  central  power  stations  of 
New  York  city.  This  plant  shows  a  record  of  4.6  mills  per 
kilowatt-hour  for  all  operating  and  maintenance  costs.  To 
those  familiar  with  the  cost  of  power  in  large  reciprocating- 
engine  plants  in  New  York,  it  is  apparent  that  this  figure 
practically  coincides  with  Mr.  Stott's  deductions. 

Though  the  combination  of  reciprocating  engine  and  ex- 
haust turbine  makes  a  favorable  showing,  yet  I  believe  that 
Mr.  Stott's  conclusions  are  based  on  rather  an  abnormally  low 
result  for  a  non-condensinii;  engine,  as  this  result  comes  within 
85  per  cent,  of  the  theoretical  consumption  of  a  perfect  steam 
engine  operating  l)etwecn  these  tempeiature  limits.  Assimiing 
19  pounds  of  steam  per  indicated  horse  power  as  a  fair  cross- 
compound  non-condensing  engine  perfonnance,  and  28  pounds 
of  steam  per  indicated  horse  power  as  the  performance  of  a 
low-pressure  turl.)ine — which  approximates  that  shown  by  shop 
tests,  with  the  moisture  in  the  s':eam  included — the  net  result 
approaches  that  obtained  with  a  condensing  turbine.  The  com- 
bination, however,  possesses  great  advantages  for  enlarging  ex- 
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isting  engine  stations,  and  for  placing  them  on  a  more  economical 
basis.  It  has  already  been  adopted  for  a  number  of  installa- 
tions of  this  character. 

While  the  gas  engine  has  received  less  encouragement  than 
the  steam  turbine,  its  development,  nevertheless,  has  been  no 
less  progressive  and,  as  indicated  by  this  paper,  it  promises 
even  greater  things  in  generating  power.  A  500-h.p.  gas  engine 
was  once  looked  upon  as  about  the  maximum  limit  for  this 
class  of  prime  mover;  this  is  now  considered  quite  an  ordinary 
size  unit. 

Though  the  operation  of  60-cycle  alternators  in  parallel  is 
not  easily  accomplished  with  steam  engines,  yet  there  are  a 
number  of  gas-engine  plants  of  large  size  in  which  60-cycle 
alternators  are  operated  successfully  in  parallel.  The  com- 
bination of  gas  engines  and  steam  turbines  possesses  great 
advantages,  as  Mr.  Stott  says,  and  in  several  important 
prospective  installations  it  is  receiving  serious  consideration. 

W.  L.  R.  Emmet:  The  use  of  a  low-pressure  turbine  in  con- 
nection with  the  exhaust  of  a  reciprocating-engine  plant,  or 
in  connection  with  the  waste  heat  of  gas  engines,  naturally 
suggests  itself  to  anybody  familiar  with  the  characteristics  of 
the  steam  turbine.  In  a  paper  read  at  the  Electrical  Congress 
in  St.  Louis  in  1904,  I  called  attention  to  both  these  possi- 
bilities, and  gave  almost  the  same  figures  as  to  possible  saving 
that  Mr.  Stott  has  given  in  this  paper. 

Among  other  things,  Mr.  Stott  shows  clearly  the  great 
saving  in  investment  incident  to  the  use  of  steam  turbines. 
He  gives  a  performance  curve  of  a  steam-engine  that  indicates 
an  abrupt  rise  in  the  rate  of  steam  consimiption  with  increase 
of  load.  Capacity  to  carry  the  peak  load  is  the  controlling 
factor  in  the  cost  of  a  steam  plant,  and  the  reciprocating  steam 
engine,  particularly  in  the  case  of  large  units,  is  undesirable 
from  this  standpoint;  for  the  reason  that  the  problem  in  building 
very  large  steam  engines  is  to  take  care  of  the  great  weights 
involved  in  the  low-pressure  cylinders  and  valves.  Very  large 
steam  engines  have  a  tendency  to  be  uneconomical  at  overload, 
because  the  engine  builder  is  tempted  to  make  the  low-pressure 
cylinder  just  large  enough  to  give  good  economy  at  certain 
loads  and  so  get  through  without  mechanical  difficulties.  If 
this  were  a  turbine  of  the  good  quality  shown  by  another 
curve,  instead  of  turning  up  at  4  000  kw.,  the  curve  given  by 
Mr.  Stott  would  either  move  out  horizontally  from  that  over- 
load point  or  else  it  would  turn  upward  slightly.  The  result 
would  be  that  at  some  maximum  boiler  output,  the  turbine 
would  give  anywhere  from  20  to  25  per  cent,  more  output — 
more  maximum  plant  capacity — than  the  reciprocating  engine. 
In  short,  for  so  much  money  20  per  cent,  more  capacity  could 
be  obtained.  The  plant  capacity  is  costing,  in  the  case  of  this 
station,  possibly  $150  per  kilowatt,  20  per  cent,  of  that  is  $30 
per  kw. ;  in  other  words,  the  increased  value  afforded  by  the 
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turbine  in  overload  capacity  is  more  than  the  total  cost  of 
the  turbine.  Disregarding  operating  expenses  and  considering 
only  first  cost,  the  engine  can  be  scrapped  and  a  turbine  put 
in  its  place.  In  this  station,  then,  if  20  per  cent,  were  to  be 
added  to  the  capacity  by  erecting  buildings,  boilers,  and  other 
parts,  the  cost  wotild  be  greater  than  if  all  the  engines  were 
discarded  and  steam  turbines  installed,  and  there  would  be  no 
gain  in  peak-load  capacity.  And  changing  from  reciprocating 
engines  to  turbines  would  also  result  in  better  economy  of 
operation,  as  shown  by  the  curves. 

In  regard  to  using  a  steam  turbine  in  the  exhaust  between 
the  engine  and  the  condenser.  In  this  case  the  turbine  performs 
exactly  the  functions  of  a  vast  third  cylinder  on  the  engine,  a 
cylinder  of  shape  and  size  stiited  to  the  load;  it  receives  this 
load  without  cylinder  condensation,  in  fact  with  all  the  char- 
acteristics of  an  ideal  cylinder.  It  is  just  another  expansion 
working  in  the  field  which  the  reciprocating  engine  is  incapable 
of  filling,  and  in  that  field  it  can  give  as  good  efficiency  as 
in  any  other  field,  and  that  efficiency  closely  approximates 
to  that  of  a  high-pressure  cylinder.  There  has  been  obtained 
experimentally  in  the  lower  ranges  of  pressure,  in  a  single  process 
corresponding  to  the  work  of  one  cylinder  in  a  steam  engine, 
an  efficiency  as  high  as  76  or  77  per  cent,  with  saturated  steam 
in  a  very  simple  kind  of  steam  turbine;  this  is  as  well  as  the 
engine  does  even  in  the  higher  ranges  of  pressure,  and  four 
times  as  well  as  it  does  in  the  lower  ranges. 

Suppose  that  an  engine  station  is  operated  with  engines 
limited  in  the  matter  of  overload,  by  congestion  in  the  low- 
pressure  cylinders.  Installing  a  low-pressure  turbine  between 
the  low-pressure  exhaust  and  the  condenser,  and  assuming 
that  the  engine  exhausts  at  a  pressure  of  20-in.  vacutun,  then 
20  per  cent,  is  added  to  the  maximum  output  formerly  obtained 
from  the  station.  The  capacity  of  the  turbine  to  do  that  work 
is  one-fifth  of  the  capacity  of  the  engine;  it  has  no  governor; 
it  has  only  half  the  number  of  wheels  and  processes  of  the  high- 
pressure  turbine — ^altogether  it  is  a  very  simple  device.  The 
turbine  would  cost  possibly  $35  or  $40  per  kilowatt;  and  the 
additional  power  produced,  if  rated  at  the  cost  of  increase  of 
capacity  of  the  station,  on  an  engine  basis,  would  amount  to 
something  like  five  times  the  cost  of  installing  the  turbine. 
Consequently,  enlargement  by  adding  low-pressure  turbines  may 
cost  only  one  fifth  as  much  as  an  enlargement  on  the  original 
line,  and  for  the  reasons  explained  the  result  is  far  better.  As 
a  rule,  this  can  be  done  without  enlarging  the  station  or  the 
necessity  of  employing  additional  men. 

Obviously,  the  use  of  a  high  vacuum  is  important  in  turbine 
work,  and  efforts  for  obtaining  this  vacuum  have  met  with 
astonishing  success.  And,  too,  a  high  vacuum  is  inexpensive 
to  maintain;  there  is  practically  no  leakage,  resulting  in  a  close 
approach  to  theoretical  or  ideal  conditions. 
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Sometimes  a  reciprocating  engine  can  be  run  non-condensing 
econonsioally;  but  the  advantage  of  condensation  is  so  much 
greater  with  the  turbine  that  the  only  reason  for  ninning  nonr 
condensing  is  the  need  of  steam  for  other  purposes.  By  install- 
ing cooling-towers  in  a  non-condensing  plant,  the  output  can 
practically  be  doubled  without  adding  to  the  operating  cost. 

F.  E.  Junge:  Geographical,  economical,  or  governmental 
conditions  must  always  largely  affect  the  point  of  view  and  the 
judgment  on  questions  that  are  of  common  interest  in  engi- 
neering matters,  especially  when  the  comparison  concerns  the 
divergent  practice  of  countries  like  United  States  and  Germany. 

An  illustration  of  the  extent  to  which  electric  centralization 
has  been  carried  in  Germany  may  be  derived  from  the  practice 
obtaining  in  isolated  coal  mines,  which  often  possess  no  prime 
movers  at  all  for  driving  the  various  pumps,  hoists,  fans,  and 
other  machinery.  These  mines  have  a  transformer  sub-station, 
equipped  with  motor-generators  and  fly-wheel  sets,  serving 
to  equalize  the  load  fluctuations,  while  high-tension  electric 
current  is  obtained  from  a  central  station  sometimes  located 
in  a  city  many  miles  from  the  mines.  For  instance,  50-cycle 
current  of  10  000  volts  is  transmitted  over  a  distance  of  9 
kilometers  from  the  city  of  Essen  to  the  Mathias  Stinne  Coal 
Mines,  where  2  000  h.p.  is  used  for  driving  the  various  ma- 
chines. One  coal  mine  which  supplies  good  coal  for  coking' 
purposes  has  a  coke-oven  plant  attached  to  it  and  utilizes  the 
waste  gases  thereof  in  a  gas-engine-driven  central  station,  while 
the  surplus  power  is  distributed  by  electric  transmission  to  the 
sub-stations  at  neighboring  mines. 

This  possibility  of  utilizing  the  energy  in  waste  gases  by 
distributing  and  selling  it  for  light  and  other  purposes  in  the 
neighboring  industrial  districts,  forces  the  German  engineer, 
in  the  determination  of  the  commercial  economic  coefficient 
for  a  heat-power  plant,  to  place  a  more  pronounced  value  on 
the  factor  of  heat  cost  than  can  be  imparted  to  it  under  the 
conditions  prevailing  in  this  country.  How  seriously  the 
difference  in  the  valuation  of  this  factor  affects  the  prime 
mover  problem  in  central  stations  can  best  be  seen  by  compar- 
ing the  estimated  calculation  made  by  Iffland  to  determine 
the  respective  merits  of  various  engine  drives  for  a  combined 
coke,  iron,  and  steel-smelting  plant,  where  the  coal  mines  are 
so  closely  located  as  to  fall  into  the  commercial  distribution 
radius  of  the  electric  central  station  and  are  operated  from 
it.  The  normal  power  required  by  all  the  engines  is  42  200  h.p. ; 
therefore  the  maximimi  simultaneous  capacity  which  the  plant 
must  be  able  to  carry  permanently  is  21  000  h.p.,  which  is  pro- 
duced from  the  waste  blast-furnace  and  coke-oven  gases. 

We  shall  consider  only  two  cases:  first,  a  gas-engine-driven 
central  station;  secondly,  a  steam-turbine-driven  central  sta- 
tion. All  the  auxiliar\^  machines  are  operated  from  the  central 
station.     On  account  of  the  difference  in  consumption  of  the 
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reversible  and  non-reversible  machines,  the  total  capacity  of 
the  central  station  required  is  fotuid  to  be  25  000  kw.,  it  being 
advisable  with  complete  centralization  to  provide  for  an  ample 
reserve.  The  power  equipment  in  the  first  case  consists  of 
eight  gas  engines,  each  having  6  000  h.p.  normal  capacity, 
and  4  000  effective  kw.   (cos.  ^  =  0.8). 

In  the  second  case,  of  five  steam  turbines  each  having  10  000 
h.p.  normal  capacity  and  direct  connected  to  altematmg* 
current  generators  of  6  800  effective  kilowatt  capacity  (cos.  ^ 
«=  0.8).  The  normal  capacity  of  the  gas-engine-driven  central 
station  is  therefore  32  000  kw.  total,  and  of  the  steam-turbine- 
driven  station,  34  000  kw.  Most  of  the  machines  used  on  the 
plant  are  in  constant  operation  all  the  year  rotmd. 

Now,  assuming  that  the  waste  gases  have  no  commercial 
value  whatever,  then  the  actual  cost,  including  initial  capital 
outlay  and  operating  expenses  for  generating  one  boiler  horse- 
power hour,  is  as  follows: 

For  gas-engine-driven  central  station 44  cents 

For  steam-turbine-driven  central  station 42  cents 

For  purposes  of  comparison,  I  give  the  figure  that  would  be 
obtained  with  steam-engine  drive  all  over  the  work.  One 
boiler  horse-power  hour  would  then  cost  75  cents.  In  this 
case,  then,  the  steam  turbine  would  be  the  most  economical 
prime  mover,  However,  the  assumption  that  the  blast-furnace 
and  coke-oven  gases  arc  given  for  nothing  is  erroneous.  The 
gases  must  first  be  cleaned,  as  this  increases  their  heating 
capacity  and  makes  them  applicable  for  use  in  gas  engines; 
but  this  process  requires  an  expenditure  of  one  cent  per  30  000 
cu.  ft.;  moreover  they  actually  have  a  value  as  fuel  for  steam 
raising.  In  the  plant  imder  consideration,  we  shall  therefore 
compare  the  power  value  of  the  waste  gases  when  used  in  gas 
engines  to  what  obtains  when  burned  tmder  boilers,  and  so 
must  appraise  the  gas  at  a  rate  corresponding  to  the  reduction 
of  the  coal  bill.  If  power  can  be  distributed  abroad,  the  ap- 
praising of  the  gas  depends  on  the  disposal  of  the  surplus  power 
and  varies  with  the  locality.  Now  estimating  coal  at  $2.50 
per  ton,  and  assuming  that  seven  kilograms  of  steam  are  raised 
from  one  kilogram  of  coal,  then  the  value  of  the  blast-fumace 
gases  which  are  to  be  used  in  gas  engines  is  $150,000.  The 
value  of  the  blast-fumace  and  coke-oven  gases  available  for 
raising  steam  is  $325  000.  With  this  valuation,  the  former 
results  are  modified  as  follows: 

Gas-cngine-drivcn  central  station,  54  cents  per  boiler  h.p.  hour. 
Steam-turbine-driven  central  station,  66  cents  per  boiler  h.p. 

hour. 

With  steam-engine  drive  the  cost  would  be  98  cents.  It  will 
be  seen  that  the  correct  valuation  of  the  fuel  upsets  the  former 
results  entirely  in  favor  of  the  gas-engine-driven  central  station. 
Basing  the  results  on  the  cost  of  production  per  ton  of  market- 
able goods,  of  which  this  plant  sells  300  000  tons  per  year,  we 
arrive  at  the  following: 
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Gas-engine-driven    central   station,    $2.00   without,   and   $2.48 

with  appraising  the  gas. 
Steam-turbine-driven  central  station,  $1.93,  and  $3.02  respec- 
tively. 
With  steam-engine  drive  the  cost  would  be  $3.35  and  $4.42  re- 
spectively. 

It  is  seen  that  the  gain  effected  by  the  selection  of  gas  en- 
gines instead  of  steam  turbines  for  the  central  station  amotmts 
to  50  cents  per  ton  of  annual  capacity.  The  figures  are  of 
special  significance,  as  they  show  how  much  the  whole  prime- 
mover  question  hinges  on  the  valuation  of  the  factor  of  heat 
cost.  The  conditions  change,  of  course,  if  a  plant  possesses 
only  capacity  for  iron  and  steel  smelting,  and  has  rolling  mills 
but  no  coal  mines  attached  to  it;  and  they  are  again  different 
for  a  steel  plant  with  rolling  mills  but  without  coal  mines, 
blast  furnaces  and  coke  ovens.  It  is  only  in  the  last  named 
case  that  gas-engine  drive — gas  engine-central  station  and 
scattered  gas-engine  auxiliaries — is  the  most  economical  method, 
but  it  is  only  by  a  combination  of  coal  mines,  blast  furnaces, 
steel  smelting  plants,  and  rolling  mills  that  an  efficient  produc- 
tion is  possible,  as  we  can  hereby  avoid  paying  the  duty  im- 
posed by  the  protective  tariff  on  raw  materials,  pig  iron,  and 
half-finished  goods. 

Sight  must  not  be  lost  of  the  fact  that  the  results  of  the  above 
calculation  are  based  on  foreign  conditions  and  cannot  be  used 
for  direct  comparison  with  the  corresponding  items  which  for 
the  same  plant  capacity  would  obtain  in  this  cotmtry.  This, 
however,  does  not  affect  their  relative  value  in  the  least. 

Owing  to  the  need  of  reducing  waste  in  technical  methods, 
and  to  the  geographical  and  social  conditions  prevailing  on  the 
Continent,  which  differ  from  those  in  this  country  as  regards 
the  distribution  and  production  of  mineral  and  metallic  ores, 
the  density  and  sphere  of  action  of  industrial  centres,  and  the 
cost  and  reliability  of  skilled  labor  that  can  be  secured,  we  shall 
— if  the  surplus  power  that  becomes  available  by  the  adoption 
of  economical  prime  movers  can  be  used  in  the  works,  where 
its  value  is  equal  to  the  corresponding  reduction  of  the  coal 
bill,  or  if  it  can  be  sold  to  advantage  abroad,  where  its  value 
varies  with  the  local  conditions — invariably  select  the  gas 
engine  as  prime  mover  for  central  stations.  Where  there  is 
no  market  for  available  surplus  power,  there  the  steam  turbine 
will  always  keep  its  field  of  usefulness. 

Calvert  Townley:  In  connection  with  the  study  of  economy 
in  steam  usage,  the  conditions  affecting  a  moderate  sized  plant 
should  be  considered  as  well  as  those  obtaining  in  a  very  large 
plant.  In  that  connection  the  use  of  exhaust  steam  for  heating 
purposes  should  not  be  lost  sight  of. 

In  the  majority  of  isolated  plants,  in  many  electric  light  sta- 
tions, and  not  infrequently  in  railroad  power  houses,  oppor- 
tunity could  be  made,  if  the  plant  were  originally  so  designed, 
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to  utilize  for  seven  months  of  the  year  a  large  part,  if  not  all, 
of  the  exhaust  steam  for  heating;  thus,  in  effect,  turning  the 
generating  plant  into  a  heating  plant,  and  using  the  engines 
as  reducing  valves  to  lower  the  steam  pressure  from  that  gen- 
erated by  the  boilers  to  that  required  for  the  heating  system. 

The  B.t.u.  in  steam  at  175  pounds  gauge  pressure  is  only 
5.45%  more  than  in  steam  at  10  pounds  gauge  pressure,  so 
that,  given  the  necessity  for  a  steam-heating  plant,  the  ad- 
ditional coal  required  to  make  the  steam  available  for  electric 
generation  is  comparatively  small. 

Some  unfortimate  experiences  in  an  endeavor  to  utilize  ex- 
haust steam  for  heating,  where  either  the  circumstances  or 
the  design  of  the  plant,  or  both,  were  unfavorable,  have  dis- 
couraged many  engineers  from  the  more  general  adaption  of 
this  principle;  but  there  can  be  no  doubt  that  it  is  susceptible 
of  wide  application,  and  that  the  possibilities  of  saving  are 
very  great. 

Mr.  Stott's  Table  No.  1  is  extremely  interesting,  as  showing 
a  careful  analysis  of  loss  distribution.  It  should  be  noted, 
however,  in  considering  this  table,  that  the  last  coltunn  shows 
the  losses  in  per  cent,  of  the  original  heat  units  in  the  coal, 
and,  therefore,  it  does  not  represent  a  true  measure  of  the  rela- 
tive importance  of  the  losses;  for  example,  the  loss  in  engine 
friction  is  given  as  0.8%,  whereas  there  has  been  38%  of  the 
energy  lost  before  reaching  the  engine,  and  the  engine  friction 
is,  therefore,  approximately  1.3%.  Similarly,  the  heat  units 
rejected  to  condenser  are  given  as  ()0.1%,  whereas  29.3% 
having  already  been  disposed  of,  the  condenser  takes  over  80%; 
that  is  to  say,  the  efficiency  of  each  transformation  increases 
in  importance  as  we  come  down  the  line,  and,  therefore,  a  small 
gain  in  efficiency  in  a  late  transformation  may  be  of  more  value 
than  a  considerably  greater  gain  at  an  earlier  stage. 

Hartley  Le  H.  Smith  (by  letter):  In  discussing  the  operation 
of  hand-fired  and  stoker-fired  boilers,  Mr.  Stott  in  Figs.  6  and  7 
illustrates  various  items  as  a  function  of  the  draft,  which  is 
presumably  the  draft  at  the  boiler  downtakes,  although  he  does 
not  explicitly  say  so.  The  values  of  draft  are  so  much  lower 
in  Fig.  7  than  in  Fig.  0  that  it  is  not  quite  certain  whether 
the  draft  was  measured  at  the  same  place  in  the  two  cases. 
In  Fig.  6  the  maximum  economy  is  attained  at  only  77%  of 
the  standard  rating,  and  the  economy  at  the  standard  rate  of 
evaporation  shows  a  falling  oft'  of  13%  from  the  maximum 
value.  As  these  conditions  are  rather  extraordinary  in  a  boiler 
rated  at  600  horse-power,  in  which  the  ratio  of  heating  surface 
to  grate  surface  is  usually  high,  it  would  be  interesting  to  know 
in  what  manner  the  variation  of  draft  at  the  downtake  caused 
the  draft  immediately  above  the  lire  to  vary,  and  also  the 
corresponding  variation  of  CO2. 

The  variation  of  reciprocating-engine  steam  consumption 
shown  by  Mr.  Stott  in  Fig.  8  is  extremely  interesting  and  im- 
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portant.  A  feature  even  more  significant  than  the  rapid  rise 
in  the  most  economical  steam  consumption,  is  the  very  great 
extravagance  in  steam  constmiption  which  results  from  an 
engine  with  its  load  equally  divided  between  the  cylinders, 
and  the  extraordinary  rates  at  which  this  consumption  with 
such  adjustment  increases  from  a  point  representing  a  little 
over  80%  of  the  rated  load.  In  Mr.  Stott's  illustration  the 
equal  division  of  load  between  the  cylinders  makes  the  con- 
sumption at  rated  load  3.5%  higher  than  the  most  economical 
adjustment,  and  at  35%  overload  the  eqtial  division  between 
the  cylinders  constimes  9.5%  more  steam  than  the  most  econ- 
omical adjustment.  Mr.  Stott  might  have  stated  which 
cylinder  was  doing  the  most  work,  and  in  what  manner  the  ratio 
varied  throughout  the  range  of  load  he  has  illustrated.  The 
natural  inference  is  that  the  most  economical  working  was 
obtained  by  putting  the  larger  share  of  the  work  on  the  high- 
pressure  cylindei,  for  the  avoidance  of  the  large  cylinder  con- 
densation losses  at  heavy  loads  in  the  low-pressure  cylinder. 
A  hint  in  this  direction  is  given  in  speaking  of  the  re- 
ciprocating engine  with  a  low-pressure  turbine  on* its  exhaust, 
that  the  reciprocating  engine  should  be  run  high  pressure 
where  relatively  it  is  most  efficient.  It  seems  probable  that  a 
good  many  operators  of  reciprocating  engines  should  take  Fig.  8 
with  considerable  seriousness,  as  there  are  probably  many  more 
engines  operating  with  the  load  equally  divided  than  tmequally 
divided  in  such  manner  that  the  minimum  steam  constmiption 
results. 

There  is  another  factor  of  some  moment;  namely,  if  it  is 
not  assured  that  engines  are  working  with  the  most  efficient 
valve  adjustments,  it  would  not  pay  in  a  large  system  to  operate 
large  units  at  excessive  overloads  during  the  periods  of  max- 
imum demand  rather  than  smaller  units  at  rated  load  in  older 
stations  held  normally  as  reserve  equipment. 

The  author  says  that  the  apparent  saving  of  13.5% 
in  steam  consumption  when  a  turbine  is  operated  with  steam 
superheated  200*^,  means  an  actual  thermal  saving  of  only 
6.6%  due  to  the  greater  total  heat  of  superheated  steam.  It 
seems  essential  to  add  that  if  the  superheating  is  obtained 
with  internal  superheaters,  as  is  usually  the  case,  there  is  an 
almost  inevitable  increase  in  the  heat  loss  escaping  to  the 
stack,  due  to  the  increased  temperature  of  the  gases;  that  this 
incn^ased  heat  loss  may  easily  become  of  serious  moment 
may  be  seen  in  Fig.  5.  In  the  absence  of  economizers  it  is  con- 
ceivable that  this  item  might  wipe  out  the  saving  due  to  the  use 
of  superheated  steam  in   the  turbines. 

In  Mr.  Stott 's  treatment  of  a  high-pressure  reciprocating 
'^ngine  with  a  low-pressure  turbine  on  its  exhaust  it  is  difficult 
to  see  how  the  giving  up  of  1G5.3  B.t.u.  per  pound  of  steam 
is  connected  with  the  expansion  of  steam  from  the  absolute 
pressure  of  190  to  14.7  potuids  per  square  inch,  except  that  as 
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the  generator  has  an  efficiency  of  98%,  and  the  engine  a  mechan- 
ical efficiency  of  93.65%,  the  over-all  efficiency  is  91.75%,  which 

3412 
would  require  Tr-Qv^r  ==  ^  718  B.t.u.  in  the  engine  cylinder  per 

kilowatt-hour.  When  this  is  increased  by  13.5%  to  allow  foi 
radiation,  incomplete  expansion,  and  similar  losses  it  becomes 
4  215  B.t.u.  pci  kilowatt-hour,  which  when  divided  by  25.5 
pounds,  gives  Mr.  Stott*s  figure  165.3  B.t.u.  per  pound  of  steam. 
The  thermal  efficiency  represented  by  the  expansion  of  steam 
between  the  lim.its  of  190  and  14.7  pounds  per  square  inch  ab- 
solute pressure  is  19.7  per  cent. 
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Discussion  on  "  Power  Plant  Economics,"  at  Pittsburg, 
Pa.,  February  13,  1906. 

P.  M.  Lincoln:  In  regard  to  electricity-driven  versus  steam- 
driven  auxiliaries,  it  seems  to  me  that  the  two  considerations 
which  should  govern  are:  first,  economy;  secondly,  relia- 
bility. 

I  agree  with  Mr.  Stott  that  the  economy  of  the  steam-driven 
auxiliaries  is  greater  than  that  of  the  electricity-driven  auxil- 
iaries. The  only  objection  that  can  be  raised  is  the  extensive 
steam  piping  required  by  the  steam-driven  auxiliaries;  this 
piping  will  have  considerable  radiation  which  cannot  be  avoided, 
and  if  the  steam  piping  to  the  auxiliaries  becomes  too  exten- 
sive, the  loss  from  this  cause  may  be  greater  than  the  amount 
of  inherent  economy.  Any  operating  engineer  will  take  the 
type  of  auxiliary  which  is  most  reliable.  As  between  reliability 
and  economy  the  operator  will  invariably  choose  reliability. 

As  to  direct-  versus  independently-driven  exciters,  I  will 
mention  only  the  most  salient  points.  The  considerations 
which  should  govern  are  those  of  economy  and  reliability. 
As  far  as  economy  goes,  there  are  three  ways  of  driving  the 
exciters;  one  is  to  connect  it  directly  to  the  generator  shaft, 
a  second  is  to  drive  it  by  a  separate  prime  mover;  and  the  third 
is  to  drive  it  by  a  motor  which  is  driven  by  the  main  prime 
mover.  These  methods  differ  in  economy  by  as  much  as  the 
main  prime  mover  differs  from  the  auxiliary  prime  mover. 

As  far  as  reliabihty  goes,  one  point  is  that  of  regulation; 
on  that  point  the  motor-driven  and  the  direct-connected  ex- 
citers are  at  a  disadvantage,  because  any  variation  in  speed 
of  the  main  plant  is  reproduced  in  the  exciter,  which  alters 
the  voltage  of  the  exciter  in  a  ratio  faster  than  the  speed  alters 
in  the  main  generator.  This  causes  a  variation  in  the  voltage 
of  the  main  plant  considerably  greater  than  the  original  speed 
variation. 

W.  E.  Moore:  Power  station  design  does  not  depend  on 
coal  economy  only  or  even  on  operating  cost,  but  on  the  very 
important  factor  of  total  cost  per  unit  output  as  determined 
largely  by  the  fixed  costs  on  investment.  These  are  a  constant 
expense  regardless  cf  the  plant  load-factor,  resulting  in  a 
variable  cost  per  unit  output  decreasing  with  an  increasing 
load-factor  and  becoming  a  minimum  when  the  load-factor 
reaches  100%,  or  when  the  plant  carries  a  full  load  for  every 
hour  in  the  year.  It  is  therefore  obvious  that  the  character 
of  the  plant  must  be  governed  largely  by  the  load-factor. 

According  to  Mr.  Stott,  there  are  delivered  to  bus-bars  1  452 
out  of  14  150  B.t.u.,  or  IO/.Vq  thermal  efficiency.  It  is  inter- 
esting to  note  that  the  regenerative  recovery  in  the  entire  plant 
is  3.1%  credited  to  the  feed-water  heater^  and  6.8%  to  the 
economizer.  Ordinarily  there  should  be  some  heat  recovered 
through   the  feed-water  taken  from  the  hot-well,   but  in  this 
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case  none  seems  to  be  considered,  probably  because  the  in- 
jection-water is  brine  and  city  water  is  used  exclusively  for  feed. 

I  would  call  attention  to  the  demand  for  larger  boiler  units 
caused  by  the  introduction  of  the  steam-turbine,  whose  rela- 
tively small  floor  space  makes  a  compact  boiler  of  great  de- 
sirability. It  is  not  to  be  forgotten  that  the  smaller  the  num- 
ber of  boiler  units,  the  less  attention  they  require;  and  the 
cheaper  their  cost  of  installation,  piping,  and  maintenance  be- 
comes. Mr.  Stott  calls  notice  to  the  equal  efficiency  of  all 
types  of  boilers  when  worked  under  like  conditions.  In  getting 
at  the  results  of  bad  firing  it  is  only  necessary  to  analyze  the 
stack  gases  with  one  element  in  view,  CO2,  and  the  nearer  the 
approach  to  14%  the  better  the  firing  becomes.  Take  a  boiler 
with  a  given  amount  of  heating  surface,  and  pass  the  gases 
over  with  a  given  velocity,  the  same  efficiency  is  obtained  no 
matter  what  the  type  of  boiler. 

Boilers  are  especially  desirable  which  are  simple  to  repair 
and  clean  and  which  will  give  dry  steam.  Wet  steam  is  a 
common  evil  of  the  power  station.  For  each  1%  moisture  in 
steam  the  efficiency  of  turbines  is  reduced  about  2%  and  the 
capacity  more  than  correspondingly  reduced,  while  in  the  case 
of  engines  the  economy  is  not  so  much  reduced  but  the  lubrica- 
tion of  internal  parts  is  much  more  costly,  to  say  nothing  of 
the  greatly  increased  danger  from  accidents. 

The  almost  universal  adoption  of  water-tube  boilers  brings 
with  it  the  corresponding  disadvantage  of  more  moisture  in 
steam,  and  if  for  no  other  cause  than  this,  the  elimination  of 
moisture  from  steam  would  demand  the  installing  of  super- 
heaters in  the  modern  steam  power  plant,  especially  for  turbine 
work. 

There  has  recently  been  brought  out  in  the  United  States 
a  new  form  of  steam  boiler  of  the  water-tube  type  especially 
adapted  for  units  as  large  as  1  000  h.p.  This  new  boiler  seems 
to  eliminate  troubles  from  diff'erential  expansion  of  its  various 
members,  and  is  peculiar  in  that  it  is  practically  self-cleaning 
so  far  as  internal  scale  is  concerned.  Being  adapted  for  firing 
from  both  ends,  there  are  no  size  limits  determined  by  grate 
area. 

Mr.  Stott  shows  that  3. 1^7'  is  recovered  by  the  feed-water 
heater.  He  therefore  concludes  that  the  auxiliaries  should  all 
be  steam  driven  so  as  to  obtain  sufficient  exliaust  to  heat  the 
feed-water.  This  brings  up  the  question  of  steam-  versus 
electricity-driven  auxiliaries.  I  do  not  believe  that  either 
system  will  prevail  to  the  exclusion  of  the  other.  The  ideal 
arrangement  seems  to  be  direct-acting  steam-boiler  feed-pumps 
and  possibly  centralized  vacuum-pumps  witli  all  of  the  smaller 
and  scattered  auxiliaries  such  as  service-pumps,  oil-pumps, 
hot-well  pumps,  circulating-pumps,  coal-  and  ash-conveying 
machinery,  etc.,  driven  by  electric  motors.  The  power  supply 
for  the  motors  to  be  furnished  by  separate  steam-driven  ex- 
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citer  sets  of  sufficient  capacity  to  carry  the  excitation  plus 
the  motor  load,  and  exhausting  into  feed- water  heater  along 
with  the  boiler  feed-pumps  and  centralized  steam  vacuxun-pxunps. 
For  reliability  and  low  first  cost,  nothing  is  better  for  boiler 
feed-pumps  than  a  direct-acting  steam-pump,  and  the  same 
statement  applies  to  centralized  vacuum-pumps.  These,  with 
exciter  sets,  can  be  located  near  the  boilers  and  feed-water 
heater  so  that  there  will  be  a  minimiun  of  steam  and  exhaust 
pipes  to  and  from  them. 

It  is  hard  to  explain  the  expense  of  a  piping  system  for  a 
small  steam  plant;  a  steam  pipe  when  it  is  once  installed  has 
to  be  kept  hot  all  the  time,  has  to  be  kept  drained,  and  every 
steam-supply  pipe  must  have  an  exhauft  pipe,  so  that  the 
trouble  is  far  greater  than  the  expense. 

The  motor-drive  Tor  the  other  auxiliaries  permits  of  direct 
'^onnection  to  centrifugal  pumps,  making  very  compact,  cheap, 
efficient,  simple,  and  easily  maintained  sets,  and  entirely  elim- 
inates the  maze  of  hot  steam  and  exhaust  pipes  which  permeate 
the  ordinary  power-plant  basements  and  which  are  such  a 
continuous  source  of  trouble  and  expense  to  keep  covered, 
drained,  joints  tightened,  etc.  Motor-driven  sets  also  do  away 
with  the  necessity  for  cylinder  lubrication,  oil-cups,  and  nearly 
eliminate  the  small  stuffing-box  and  packing  expense  and  re- 
sulting slop  from  steam-pumps.  Since,  the  exciter  sets  must 
furnish  the  power,  there  is  no  diminution  in  the  supply  of  ex- 
haust for  feed-water,  and  since  the  power  is  direct  current 
there  is  every  opportunity  for  efficient  speed  regulation  to 
meet  all  variable  load  demands.  Therefore  there  seem  to  be 
very  valid  reasons  why  steam-driven  auxiliaries  should  not  be 
used  exclusively,  but  rather  to  use  motor-driven  auxiliaries  in 
the  larger  number  of  cases. 

My  opinion  seems  to  be  directly  contrary  to  the  opinion  of 
Mr.  Stott,  but  I  think  his  opinion  is  probably  based  on  some 
accidents  that  occurred  at  the  Manhattan  plant.  I  understand 
that  when  the  plant  was  first  started  they  put  in  motor-driven 
boiler  feed-pumps,  and  on  one  occasion  a  short  circuit  resulted 
in  the  closing  down  of  the  plant;  before  the  engines  could  be 
started  up  the  boilers  had  evaporated  all  the  water  out  of  the 
valves. 

With  reference  to  the  use  of  superheated  steam,  it  should 
be  said  that  superheat  causes  no  additional  lubrication  expense 
on  the  turbine,  such  as  is  necessary  with  high  superheat  in 
engines. 

The  author  calls  attention  to  the  turbine's  much  flatter 
efficiency  curve,  which  means  better  all-day  efficiency,  and  to  the 
fact  that  the  turbine  set's  first  cost  is  33%  less  than  that  of 
the  reciprocating-engine  set.  These  two  features,  as  will  be  seen 
later,  have  a  very  marked  bearing  on  the  total  cost  of  the  unit 
output,  especially  when  the  plant  works  on  a  low  load-factor. 
It  sboiild  be  noted  in  this  connection  that  the  ordinary  power 
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plant  works  on  a  load-factor  of  about  50%  or  less,  usually 
less,  frequently  as  low  as  25%. 

It  is  often  charged  against  the  turbine  that  it  must  have 
an  expensive  surface  condenser  with  auxiliaries  using  larger 
amounts  of  power  to  maintain  its  necessarily  better  vacuum 
for  maximum  efficiency.  Practice  has,  however,  in  some  of 
the  more  recent  constructions,  shown  both  ideas  fallacious,  as 
high  vacua  are  easily  maintained  in  turbine  plants  with  ejector 
or  barometric  condensers,  and  there  is  far  less  air  leakage  into 
the  turbine  exhaust.  Which  type  of  condenser  to  install  is 
determined  in  nearly  every  case  by  the  suitability  of  the  avail- 
able water  for  boiler-feed.  The  surface  condenser  can  be  used 
with  advantage  on  turbines  more  often  than  on  reciprocating 
engines,  as  the  turbine  introduces  no  oil  into  the  exhaust, 
and  the  conJensation  is  therefore  most  suitable  for  feed 
water. 

Mr.  Stott  estimates  that  the  combined  engine  and  low- 
pressure  turbine  plant  would  use  23%  less  steam  per  unit 
output.  Such  an  increase  of  economy  in  practice  appears  to 
be  impiobable.  It  would  seem  that  a  plant  containing  such 
combination  sets  would  be  much  more  complicated,  more  ex- 
pensive in  first  cost  and  maintenance,  and  that  a  lower  total 
cost  per  unit  output  would  probably  result  by  the  installation 
of  a  straight  turbine  plant. 

The  accompanying  chart  plotted  on  the  same  scale  on  a 
basis  of  total  plant  efficiency  in  B.t.u.  per  kilowatt-hour  for 
steam-engine^  steam-turbine,  and  gas-engine  sets  shows  clearly 
the  relative  economical  capacity  range  of  the  three  types  of 
prime  movers  cited  by  Mr.  Stott.  While  the  gas-engine  curve 
is  not  so  flat,  it  should  be  remembered  that  the  economical 
capacity  range  of  the  producer  and  auxiliaries  for  a  gas-engine 
power  plant  is  much  broader  than  for  steam  boilers  with  the 
usual  steam  power  plant  auxiliaries,  which  tend?  to  flatten 
out  the  curve  for  economy  of  producer-gas  engine  plant  at 
various  capacities. 

The  economy  of  the  gas-engine  plant  is  so  much  better 
than  that  of  the  steam  plant  that  a  far  greater  variation  from 
maximum  economy  with  change  of  load  can  well  be  allowed 
and  still  keep  the  plant  duty  far  higher  than  any  type  of  steam 
plant. 

There  seems  to  be  an  error  in  Mr.  Stott's  assumption  that 
the  entire  30%  waste  heat  in  gas-engine  exhaust,  minus  5% 
loss  to  stack,  can  bo  converted  nito  steam.  The  engine  ^x 
haust-gascs  being  at  a  comparatively  low  temperature  (as  com 
pared  with  ordinary  l)oiler  furnace  temperature)  cannot  impart 
even  the  ordinary  percentage  of  heat  to  the  boiler;  therefore 
more  than  the  usual  loss  of  heat  to  stack  must  be  allowed 
Tliis  would  probably  reduce  the  proportion  of  heat  saved  froiT! 
exhaust  gases  below  15%.  Neither  is  it  proper  to  assume  that 
the  7.1%  of  jacket-water  heat  could  be  used  in  the  turbin* 
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end  of  the  combination  plant  at  a  thermal  efficiency  of  35.1%, 
for  almost  the  exact  temperature  of  feed-water  is  available 
in  the  condensed  steam  from  turbine  so  that  the  warm  jacket- 
water  would  scarcely  be  used  for  the  boiler-feed. 

The  recoverable  heat  could  not  therefore  amount  to  37.1% 
nor  could  the  efficiency  of  its  conversion  run  so  high  as  35.1%, 
nor  could  the  thermal  efficiency  of  the  turbine  end  of  the  com- 
bination plant  approach  25%,  as  stated  by  Mr.  Stott;  especially 
since  the  turbine  end  of  the  plant  would  be  carrying  a  very 
variable  load  which  would  decrease  its  steam  economy  corre- 
spondingly. 
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There  seems  good  prospects  of  our  having  at  an  early  date  a 
wmmercial  gas-engine  that  will  have  overload  characteristics 
ppproaching  those  of  the  steam-engine  and  will  therefore  show 
:.mch  l>ettcr  average  efficiency  on  the  customary  load  variation. 

The  Otto  cycle  gas-engine  cxliausts  its  gases  at  a  terminal 
pressure,  say  40  lb.,  when  carrying  from  50  to  100%  load.  The 
ideal  gas  engine  cycle  would  seem  to  embody  a  design  in  whicli 
the  terminal  pressure  would  vary  with  the  load,  as  in  a  steam 
engine,  and  the  combustible  mixture  would  be  varied  in  volume 
according  to  the  load;  at  light  loads  a  stratiiu'd  cusliion  of  air 
being  first  admitted  next  to  the  [)ist<)n  to  make  up  a  constant 
cylinder   volume   and   therefore   a   constant   compression  irrc- 
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spective  of  load.  The  compression  space  or  clearance  to  be 
much  smaller  than  usual,  so  that  the  usual  high  compression 
would  be  maintained  with  the  intake  gases  following  the  piston, 
say  half  the  stroke.  The  full-load  engine  capacity  would  then 
be  so  proportioned  as  to  expand  the  burnt  gases  down  to  say 
5  lb.  before  exhausting,  while  at  the  overloads  the  governor 
would  admit  sufficient  explosive  mixture  to  maintain  the  ter- 
minal pressure  much  later  so  as  to  exhaust  at,  say,  40  to  50  lb. 
per  square  inch.  Thus  the  terminal  pressure  would  vary  with 
the  load  much  as  is  the  case  with  a  steam-engine.  This  in 
contradistinction  to  the  variable  compression  pressure  with 
load  changes  in  the  ordinary  Otto  cycle  engine.  In  a  gas- 
engine  of  the  type  suggested  the  temperature  of  the  exhaust 
at  average  load  would  be  lower,  and  less  heat  would  therefore 
be  available  for  steam  raising,  possibly  not  more  than  would 
be  necessary  for  steam  supply  to  producers  and  auxiliaries  of 
the  gas  generator  room,  so  there  would  be  no  reason  for  mixing 
gas-engines  and  steam-turbines  in  one  station.  The  plant-duty 
of  a  station  of  this  type  should  be  far  greater  than  that  of  a 
mixed  plant,  not  to  mention  the  simplification  of  operation  and 
maintenance. 

I  think  it  is  a  very  important  matter  not  to  mix  the  equip- 
ment in  any  power  station.  As  Mr.  Stott  has  pointed  out,  it 
is  difficult  to  maintain  a  state  in  the  boiler  room  where  the 
stack  losses  are  kept  as  low  as  22% ;  as  a  matter  of  fact  it  runs 
over  30%  in  this  district,  instead  of  down  as  low  as  22%.  Mixing 
equipment  means  simply  reducing  the  chances  of  keeping  it  down 
to  that  point,  and  furthermore,  there  is  every  reason  why  a 
plant  should  be  kept  uniform. 

In  conclusion,  it  is  evident  that  we  cannot  longer,  under 
ordinary  conditions,  afford  to  install  steam-engine  electric 
power  plants;  for  turbine  plants  are  more  efficient  and  cheaper 
in  both  investment  and  operating  costs,  though  producer-gas 
engine  plants  are  far  cheaper  than  either  in  operation  but  not 
in  first  cost.  There  is,  however,  good  prospect  of  lower  first 
cost  and  better  overload  characteristics  in  the  near  future. 

Low  investment  cost  is  an  essential  for  plants  operating  on  a 
low  load-factor,  but  it  does  not  seem  advisable  to  mix  gas-engine 
and  turbines  in  the  same  plant,  but  rather  to  encourage  manu- 
facturers to  develop  a  gas-engine  operating  on  a  cycle  that  will 
permit  of  developing  at  least  50%  overload,  the  engine  being 
rated  at  its  most  economical  load. 

Rudolph  Wintzer:  A  large  number  of  electrical  central  sta- 
tions in  Europe  are  owned  by  municipalities,  as  are  many  of 
the  city  gas-works.  In  early  years  the  gas-works  frequently 
furnished  gaseous  fuel  to  small  gas-engine  driven  plants,  the 
charge  for  gas  having  run  as  high  as  85  cents  per  1  000  cu.  ft. 
But  during  the  last  five  years  several  large  central  stations  have 
been  established,  using  producer-gas  engines.  Scheveningen,  a 
bathing  resort  in  Holland,  will  ultimately  be  equipped  with 
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six  350  h.p.  Numburg  gas-engines  driven  by  anthracite  pro- 
ducers of  the  suction  type. 

The  largest  power  plant  using  producer«gas  is  located  in 
Madrid,  Spain,  furnishing  light  and  power  to  the  entire  com- 
munity. It  is  equipped  with  six  1  250  kw.  (2  000  h.p.)  Num- 
burg gas-engine  alternators  operating  in  parallel,  supplied  by 
a  Mond  producer-gas  system  using  low-grade  slack  coal.  Re- 
covery of  by-product,  including  tar  and  ammonia,  is  practised 
at  this  12  000  h.p.  plant. 

The  gas-engine  is  used  to  a  very  great  extent  with  suction 
producers,  in  water-pumping  stations  for  small  cities  and 
counties,  especially  in  western  Germany.  *'  Braunkohle  " 
(corresponding  to  our  peat)  and  lignite  in  the  form  of  briquettes 
are  largely  used  in  these  small  plants,  and  with  excellent  results. 
The  greatest  development  of  the  gas-engine  on  the  con- 
tinent has  taken  place  in  connection  with  blast-furnaces  and 
the  coaling  industry  where  the  waste  gases  from  furnaces  and 
coke-ovens  are  largely  used  for  power.  A  large  enterprise  of 
this  character  is  now  being  carried  out  near  Essen  in  Rhein- 
land.  Essen  is  the  Pittsburg  of  Germany.  Within  a  radius 
of  40  miles  occur  most  of  the  largest  coal  mines  and  iron  and 
steel  works  of  that  country.  Most  of  the  existing  electrical 
central  stations  in  the  district  have  been  acquired  by  the  steel 
syndicate,  which  is  erecting  large  central  stations  driven  by 
blast-furnace  and  coke-oven  gas  to  furnish  this  whole  industrial 
section  with  electricity  for  lighting,  power,  and  traction.  Some 
customers  in  the  territory  have  requisitioned  as  high  as  several 
thousand  horse  power.  These  central  stations  will  be  erected 
at  the  various  steel  mills  and  mines,  and  will  all  work  in  par- 
allel. 

Typical  gas-power  stations  using  blast-furnace  gas,  are  now 
working  at  the  following  plants:  John  Cockerill  Co.,  Seriang, 
Belgium,  3  000  kw.  United  Iron  and  Steel  Works  at  Hoerder, 
WestphaHa,  3  500  kw.  Schalker  Iron  and  Steel  Works,  Gelsen- 
kirchen,  4  000  kw.  Rombacher  Iron  Works,  3  000  kw.  A 
typical  plant  driven  by  coke-oven  gas  is  located  at  Eschweiler 
mines  in  Alsdorf,  where  a  central  station  of  2  800  kw.  is  in 
service,  using  Otto  coke-ovens  with  recovery  of  by-products. 
This  plant  furnishes  current  for  driving  3  000  h.p.  main  hoisting 
engines,  pumps,  fans,  compressors,  coal-washing  plants,  etc., 
and  for  electric  traction  service  in  the  neighborhood.  No 
steam  is  used  at  the5:e  works,  and  a  producer-plant  is  available 
as  a  reserve  in  case  of  necessary  shutting  down  of  the  coke- 
ovens.  In  a  short  time  this  plant  will  work  in  parallel  along 
high-tension  transmission  with  a  hydraulic  plant  40  or  50  miles 
distant,  installed  by  the  Ruhr  River  Hydraulic  Development 
Company. 

While  formerly  the  practice  was  to  drive  large  rolling-mills 
directly  with  large  gas-engines,  the  present  practice  is  rapidly 
tending   to  motor-driven   rolls,    supplied   with   power  from   a 
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central  station.  At  Differdingen,  in  the  steel  and  coal  works 
of  the  Germany  &  Luxemburgh  Steel  &  Mining  Company,  it 
has  been  found  by  careful  experiments  that  for  every  1  000  h.p. 
maximum  required  at  the  main  rolling-mill,  with  engine-driven 
rolls,  only  600  h.p.  capacity  is  required  at  a  central  station. 
A  number  of  units  are  provided,  giving  flexibility  of  service, 
and  40%  is  made  on  the  first  cost  of  the  gas-engines  installed. 

Types  of  Gas-Engines  in  Use. 

For  large  work  three  types  arc  represented;  namely: 

1.  The  four-cycle,  double-acting  tandem  engines  of  Nuren- 
burg,  Deutz,  and  Cockerill. 

2.  The  two-cycle,  double-acting  Koerting  type. 

3.  The  two-cycle,  double-acting  opposed,  Oechelhauser  engine. 

Of  these  three  types,  the  four-cycle  type  has  become  stan- 
dardized for  general  power-station  work,  while  the  two-cycle 
types  have  found  their  most  extensive  applications  to  blast- 
furnace work.  Four-cycle  tandem  engines  are  operating  up  to 
2  000  h.p.;  that  is.  1  000  h.p.  per  cylinder.  Two-cycle  engines 
have  also  been  built  from  750  to  1  000  h.p.  per  cylinder. 

Comparing  the  constructions  of  the  three  types  for  1  000-kw. 
units,  it  is  found  that  the  four-cycle  engine  has  one  connecting- 
rod  and  two  power  cyHndcrs;  the  Koerting  engine  has  two 
connecting-rods,  two  power  cylinders,  four  compressor  cylinders 
of  nearly  the  same  diameter,  and  two  side  connecting-rods; 
the  Oechelhauser  two-cycle  engine  has  a  six-throw  crank-shaft, 
four  bearings,  six  connecting-rods,  four  single-acting  pistons, 
and  two  compressor  cylinders.  In  the  Koerting  engine  the 
exhaust  ports  in  the  cylinder  wall  are  uncovered  by  the  piston; 
in  the  Oechelhauser  engine  the  pistons  uncover  both  exhaust- 
and  air-ports  so  that  no  valves  are  used.  This  elimination  of 
valves  in  the  Oechelhauser  and  Koerting  types  looks  at  first 
sight  like  a  simplification,  but  in  reality  it  involves  serious 
complications  in  the  number  and  disposition  of  the  principle 
working  parts. 

A  comparatively  new  type  of  engine  is  being  built  by  a 
British  company.  It  is  a  two-cylinder  double-acting  vertical 
engine  arranged  like  a  cross-compound  steam-engine,  with 
generator  between  cylinders.  This  is  built  up  to  2  000  h.p. 
capacity. 

European  practice  has  definitely  tended  toward  single-crank 
units,  and  the  horizontal  tandem,  double-acting  ^Vp^  has 
become  the  standard  in  this  respect.  By  duplicating  the  tan- 
dem arrangement,  making  a  two-crank  engine,  the  economy  is 
not  improved.  Tho  speed  variation  of  the  single-crank  type 
is  found  to  be  close  enough  for  alternating-current  work.  The 
single-crank  units  give  far  greater  flexibility  in  central-station 
operation;  they  can  be  loaded  more  economically,  and  there  is 
more  opportunitv  for  inspection  and  repairs.  The  sizes  most 
frequently  used  are  1  000,  1  500,  and  2  000  h.p. 
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Electrical  Operation. 

In  regard  to  the  electrical  specifications  for  gas-engine  work. 
Continental  firms  usually  specify  a  cyclical  fly-wheel  deviation 
of  ^  to  1^  the  pole-distance  in  engines  with  one  impulse 
per  stroke.  This  condition  can  easily  be  met,  and  takes  into 
consideration  occasional  irregular  working.  In  a  500  h.p.  engine 
of  the  vertical,  double-acting  type,  driving  spinning  machinery 
at  the  HoUins  Mills,  Marple,  a  cyclical  speed  variation  of  0.2 
to  0.4  per  cent,  was  obtained,  which  was  increased  to  only 
1  per  cent,  when  one  cylinder  was  made  to  misfire  regularly. 
The  cyclic  speed  variation  was  taken  with  a  very  sensitive  and 
well-made  recording  tachometer.  It  is  a  matter  of  interest  that 
the  steam-engine  which  formerly  did  the  work  of  this  gas-engine 
showed  8  per  cent,  cyclic  variation,  and  it  is  not  surprising 
therefore  that  the  mill  tenders  had  less  trouble  from  broken 
threads  after  the  gas-engine  was  put  in  service. 

Troubles  from  parallel  operation  are  practically  unknown 
in  engines  above  1  000  h.p.  giving  two  impulses  per  revolution 
and  25  cycles. 

A  type  of  alternator  in  general  favor,  is  a  combined  fly- 
wheel and  generator  field  in  one  structure,  with  the  fly- 
wheel rim  outside  the  rotating  field.  With  the  usual  speed  of 
periphery  of  field,  this  permits  a  high  fly-wheel  speed  with  a 
short  distance  between  the  bearings  and  good  accessibility. 

Fuels. 

In  Germany  the  cost  of  hard  coal  is  $5.50  to  $6.50  per  metric 
to.i,  (2  220  pounds) ,  according  to  facilities  of  transportation. 
Good  bituminous  coal  costs  $3.50  to  $5.50  per  ton,  and  bitumi- 
nous slack  costs  from  $1.50  to  $2.50  per  ton  'delivered  at  the 
plant.  On  a  small  scale  anthracite  is  largely  used,  but  in 
very  large  plants,  such  as  that  of  Madrid,  low-grade  bituminous 
coal  is  mostly  used.  The  Mond  producer  system  has  greatly 
enlarged  the  possibilities  of  low-grade  bituminous  fuels. 

Clean  gas  is  the  first  consideration  for  successful  running  in 
all  power  plants  using  producer-,  blast-furnace,  or  coke-oven 
gas.  Tar  in  its  several  forms,  must  be  removed  from  the  gas, 
also  sulphur  and  dust,  to  a  point  where  not  more  than  0.03 
grams  per  cubic  meter  of  foreign  matter  is  present. 

Economy. 

With  blast-furnace  gas  the  1  000  h.p.  eni^^ines  at  Rombach 
and  Ruhrort  have  shown  a  heat  consumption  as  low  as  9  300 
B.t.u.'s  per  brake  horse  power  .hour  at  full  load,  and  12  000  at 
half  load,  using  the  **  lower  "  or  "  elTective  "  lieat  value  of  the 
gas.  It  is  European  practice,  however,  to  rate  engines  some- 
what higher  thtm  they  are  rated  in  America;  the  above  engines 
having  only  5  per  cent,  normal  overload  ca])acity.  Hiij^h-grade 
Mond  gas-plants  in  England  have  sliow'n  economies  of  1.1  to 
1.2  pounds  of  slack  coal  per  brake  horse  power  hour,  including 
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all  standby  losses  for  the  balance  of  a  10-hour  working  day 
In  this  particular  the  producer  has  a  very  large  advantage  over 
steam,  and  especially  superheated  steam  plants,  as  the  standby 
losses  are  almost  negligible.  At  a  large  European  iron  and 
steel  works  at  Essen  extensive  tests  were  made  to  ascertain 
the  standby  losses  on  the  steam-piping  system  which  was  in 
fair  condition  and  completely  lagged.  With  no  steam  used 
for  driving  engines  it  was  found  necessary,  in  order  to  main- 
tain normal  pressure,  to  keep  twenty  180-h.p.  boilers  under 
full  fire. 

In  well-constructed  horizontal  gas-engine  plants  the  oil  con- 
sumption is  no  higher  than  in  a  corresponding  steam-engine 
plant.  For  instance,  a  1  000-h.p.  tandem  gas-engine  requires 
on  an  average  of  35  to  40  lb.  of  oil  (4.75  to  5.25  U.  S.  gal.) 
per  24  hours,  60  per  cent,  being  cylinder  oil  at  35  cents  per 
gallon,  40  per  cent,  being  engine  oil  at  20  cents  per  gallon. 

Cost  of  European  Plant. 

For  a  2  000-h.p.  high-grade  gas-engine  plant  the  distribution 
of  cost  should  be  about  as  follows: 

Dollars  per  brake  horse  power 

Gas-Engines $30 .  00 

Foundations 2 .  20 

Auxiliaries 0 .  80 

Building 4.00 

Piping  and  engine  outfit 3.00 

Electrical  outfit 14.00 

Gas-producer  plant 14.00 

Producer  house 1 .  50 

Total $69.50 

or  very  nearly  $100.00  per  kilowatt. 

About  a  year  ago  high-grade  gas-engines  sold  for  about 
$25.00  per  brake  horse  power.  The  present  prices  are  some- 
what higher.  For  high-grade  steam-engines  using  superheated 
steam  the  cost  is  about  the  same,  $25.00  per  brake  horse  power. 

J.  R.  Bibbins:  As  the  saturation  and  regulation  curves  of  a 
dynamo  are  characteristic  of  its  operation,  so  do  certain  curves 
as  definitely  characterize  the  working  of  a  prime  mover.  Speak- 
ing particularly  of  heat  engines,  there  are  three  curves  which 
materially  assist  in  determining  the  suitability  of  a  machine 
for  a  particular  ser\-ice ;  these  cur\^es  represent:  1,  the  hourly  heat 
(steam  or  gas)  consumption  at  various  loads  with  its  derived 
curve  of  the  "  water-rate  '*  variety  familiar  to  steam-engine 
practice;  2,  kinetic  (absolute  thermodynamic)  efficiency,  with 
its  derived  curve  of  mechanical  efficiency;  3,  speed  regulation, 
involving,  in  the  case  of  tlie  reciprocating-engine,  cyclical  as 
well  as  absolute  vSpeed-variation.  The  first  determines  the  rate 
of  input  of  working  medium,  steam,  gas,  air,  etc.;  the  second, 
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the  efficiency  of  conversion  into  useful  work  in  the  shaft;  and 
the  third,  the  suitability  of  the  machine  for  operating  constant- 
potential  electrical  apparatus.  In  this  discussion  we  are  chiefly 
concerned  with  the  first,  and  from  a  purely  practical  standpoint. 

Steam-Engines:  In  high-speed  steam-engines  such  as  the 
Willans,  governing  by  throttling  steam-pressure,  the  total  steam 
consumption  per  hour  is  practically  proportional  to  the  load. 
Plotted  in  the  form  of  a  curve,  known  as  the  "  Willians  "*  or 
water  line,  it  gives  practically  a  straight  diagonal  line  A  B,  Fig.  1. 

The  so-called  water-rate  curve  derived  from  this,  A'  B\  and 
expressing  steam  used  per  horse  power  per  hour  is,  then,  of 
course,  a  hyperbola  and  shows  a  constantly  decreasing  water- 
rate  with  increasing  load.     Clearly,  then,  this  type  of  engine 
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is  able  to  give  its  best  economy  at  maximum  output.  In 
modem  power  work,  however,  this  condition  is  demanded  only 
occasionally  to  tide  over  maxima  in  a  fluctuating  load;  on  the 
other  hand,  from  an  economical  standpoint,  the  engine  is  obliged 
to  work  at  considerable  disadvantage  during  normal  loading. 

Now  in  a  steam-engine  governed  by  a  positive  cut-off,  the 
water-line  is  decidedly  curved,  C  D,  due  to  a  variety  of  causes, 
giving  a  water-rate  curve  CD'  of  more  pronounced  curvature. 
Two  important  results  have,  however,  been  acliieved;  first,  the 
engine  gives  its  best  economy  between  three-fourths  and  full 
load  where  it  is  normally  working  a  greater  part  of  the  time; 
and  secondly,  by  lengthening  the  cut-off  a  very  large  overload 
capacity  is  available.     On  the  other  hand,  the  cut-off  method 

♦  •*  Willans  Law  "  first  expounded  by  P.  \V.  Willans.  See  Transactions 
British  Institution  Civil  Engineers,  1890. 


POWER  PLAST  ECOS'OMICS. 


[Feb.  13 


compares  less  fa^'orably  at  light  loads  and  heavy  overloads, 
the  water-rate  increasing  rapidlv  in  either  direction. 

Steam  Turbines:  Manifestly  a  combination  of  the  two  systems 
should  yield  the  characteristics  most  to  be  desired:  these  char- 
acteristics are:  a.  maximum  economy  at  normal  loading; 
6,  large  overioad  capacity  with  fair  economy :  t ,  good  economy 
at  light  load'  ^.  These  have  fortunately  been  realized  to  a 
large  extent  in  the  steam-turbine. 

A  steam-turbine  of  the  well-known  pressure  type  gives  a 
practically  straight  water-line.  EF,  Fig.  1.  up  to  about  full 
load  with  a  somewhat  higher  inherent  ethciency  than  the  steam- 
engine,  in  most  cases  exceeding  the  cut-ott  engine  even  at  the 
best  load.  By  the  use  of  a  '  secondar\-  "  admission  of  steam 
to  lower  stages  in  the  turbine,  its  power  may  be  increased  to 
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as  high  as  double  the  normal  rating  and  with  but  small  loss  in 
economy.  Supposing  the  secondary  or  overload  valve  comes 
into  action  about  full  load,  F,  the  water-line  abruptly  changes 
direction.  FG,  resulting  in  a  compound  water-rate  curv'e,  E'F'G'. 
At  the  point  of  opening,  F',  the  steam  consumption  begins  to 
increase,  but  as  the  overload  increases  the  turbine  tends  to 
regain  its  original  etliciency.  Furthermore,  the  prime  mover 
and  generator  are  better  matched  in  regard  to  efficiency  than 
in  the  cut-olT  engine,  both  doing  their  best  work  at  normal 
rating. 

These  characteristics  arc  well  illustrated  in  the  accompanying 
curves,  Fij,'.  2,  showing  tests  upon  a  1  000-h.p.  Westinghouse- 
Parsons  turbine.  From  one-half  load  to  100%  overload  the 
wati-r-rati:  varies  hut  little  over  10*^; .  The  same  characteristics 
appear  in   t^^e   non-condensing  tests,   except   that  the  turbine 
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is  unable  to  sustain  as  heavy  a  load,   being   guaranteed    only 
for  full  load  non-condensing  and  50%  overload  condensing. 

Low-Pressure  Turbines:  If  we  represent  in  curve  form,  Fig.  3, 
the  work  available  in  steam  expanding  from  150  lb.  initial 
pressure  to  atmosphere,  the  tact  is  apparent  that  there  has 
been  used  only  about  one-half  of  the  total  work  available  at  a 
vacuum  of  28  in.     This  at  once  explains  the  possibility  of  the 
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low-pressure  steam-turbine  working  on  vacuum  alone,  and  it 
is  interesting  to  note  that  tlie  water-rate  of  such  a  turbine  is 
about  double  that  of  a  similarly  constructed  turbine  working 
through  the  entire  range  of  pressure.  Thus  a  750- kw.  West- 
inghouse- Parsons  turbine  below  atmosphere  has  given  a  water- 
rate  of  25  lb.  per  brake  horse  power  with  high  vacuum,  corre- 
sponding to  about  13.5  lb.  per  brake  horse  power-hour  for  the 
total  pressure-range.     Moreover  the  total  water-li^e  is  oracti- 
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cally  "traight  as  in  the  normal  turbine,  showing  that  steam 
is  usea  with  uniform  efficiency  at  all  loads.  Professor  Rateau 
of  Paris  lias  done  much  along  these  lines  of  low-pressure  turbine 
work.  The  low-pressure  turbine  is  of  interest  in  pro^'iding  a 
means  of  nearly  doubling  the  output  of  a  non-condensing  steam 
plant  with  but  little  increase  in  operating  expense.  Cooling- 
towers  are,  of  course,  of  assistance  where  water  is  costly. 

High-pressure  turbines,  working  down  to  atmospheric  pres- 
sures, arc,  on  the  other  hand,  frequently  used  in  district  heating 
systems,  half  of  the  energy  in  the  steam  being  converted  into 
electrical  energy,  and  the  remainder  into  heat.  Usually,  a 
condensing  turbine  is  employed  running  non-condensing  during 
cold,  and  condensing  during  warm  weather. 

Internal-Combustion  Enf^inc:  Curiously  enough,  the  gas-engine 
presents  the  same  characteristics  as  the  throttling  steam-engine; 
namely,  a  neariy  straight  Willans  or  gas-line,  A  B,  Fig.  1,  and 
a  continually  decreasing  rate  curve  of  gas  consumption,  A'  B\ 
It  possesses,  however,  nearly  double  the  etVicicncy  of  heat  con- 
version or  kinetic  ctlicicncy*  of  the  steam-engine.  An  engine 
of  good  design  is  capable  of  delivering  from  2o^/c  to  30%  of  the 
heat  of  the  gas  in  the  form  of  work  at  the  shaft,  while  the  corre- 
sponding kinetic  efficiency  of  a  large  steam-unit  usually  runs 
from  12%  to  15%  and  of  a  steam-turbine  15%  to  22%  of  the 
heat  input.  As  a  machine,  its  mechanical  efficiency  is  nearly 
the  same  as  a  high-grade  reciprocating  steam-engine. 

Could  we  rate  the  gas-engine  at  its  maximum  capacity  we 
should,  of  course,  obtain  maximum  efficiency  at  normal  rating, 
and  in  European  practice  this  is  frequently  done;  but  in  Amer- 
ican practice  some  overload  capacity  is  demanded,  hence  we 
must  deliberately  rate  the  engine  below  its  maximum  by  the 
per  cent,  of  overload  desired.  This  is  an  unfortunate  charac- 
teristic of  the  gas-engine;  that  its  maximum  power  is  reached 
when  the  cylinder  is  full  of  mixture,  and  it  seriously  militates 
against  gas  power  in  the  minds  of  those  who  install  a  smaller 
steam-engine  with  the  deliberate  intention  of  overloading  it, 
a  more  or  less  universal  custom. 

llic  Gas-Enginc  Generator:  Present  practice  assigns  an  over- 
load capacity  of  10^^  sometimes  of  15^^  to  the  gas-engine. 
Standard  generators  are,  however,  capable  of  sustaining  25V'c 
overload  continuously  within  safe  temperature  limits.  It  is, 
therefore,  permissible  to  rale  the  generator  on  a  closer  margin ; 
that  is.  give  it  a  higher  rating  for  gas  than  for  steam  work. 
This  enables  the  generator  to  run  normally  at  a  slightly  higher 
eiliciency,  and  reduces  the  cost  of  tlie  power  unit  per  kilowatt 
capacity,  which  is  desirable  owing  to  the  high  cost  of  gas-engine 
construction. 

*  Kinetic  Efficiency  is  defined  as: 

Thermal  equivalent  of  useful  output 2  545 

Total  heat  input  in  gas.  B.t.u.    per    B.h.p-hr. 
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I^ad'F actor:  The  term  load-factor  is  often  used  in  widely 
different  senses,  usually  as  follows: 

A veracre  load  on  ensfine    ,     .  .  .    ,       , 

"  Rated  Capacity.     '  *^"""S  operating  penod  only. 

,  Averag^e  load  on  station 


Total  rated  capacity  of  generators. 

Average  load  on  station. 
Maximum  (or  swinging)  maximum. 

,  Average  load  on  station 


_  ^QQkw-hr.  generated 

Average  (or  steady)  maximum.  Max.  kw-hr. 


By  average  maximum  is  meant  the  maximum  shown  on  the 
station  load-curve  plotted  from  wattmeter  reIlciin^^s.  This  last 
is  the  true  load -factor  and,  for  24  hours*  service,  it  alone  offers 
an   impartial   basis   for   the   comparison   of   station    costs   and 


58 


POWER  PLAXT  ECOXOMICS. 


[Feb.  13 


economies;  although  b  may  be  used  in  comparing  the  operation 
of  a  given  plant  at  different  seasons,  a  is  of  importance  in  prop- 
eriy  proportioning  or  **  blocking  in  '*  engine  capacity  to  suit  a 
particular  load-curve,  such  as  Fig.  4,  with  the  best  ultimate 
economy.  By  integrating  both  the  station  load  cur\'e  and  the 
corresponding  engine  cur\e  the  average  24-hr.  load  per  engine 
can  be  readily  estimated,  and  the  consequent  water  and  coal 
consumption  of  the  station  approximated. 

Much  emphasis  has  very  properly  been  placed  upon  the  effect 
of  load-factor  on  fixed  or  capital  costs.  But  in  a  plant  with 
load-factor  var>'ing  from  month  to  month,  as  in  a  central 
lighting  station,  the  effect  on  operating  costs  and  economies  is 
fully  as  pronounced.     The  accompanying  cur\'e,  Fig.  5,  shows 
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average  results  from  a  750-h.p.  plant  using  prodvicer-gas  fuel 
and  subject  to  a  variable  load-factor  during  the  various  seasons. 
The  curve  is  practically  a  hyperbola,  as  it  should  be,  and  within 
the  working  range  of  the  plant  it  shows  an  increase  of  from 
1.9  to  3  lb.  of  coal  per  kilowatt-hour,  or  27.5%  with  a  decrease  of 
GO'  (.  in  load-factor.  At  normal  working  the  plant  uses  about 
two  pounds  of  coal  per  kilowatt-hour. 

For  a  steam  plant  operating  under  variable  load-factor  the 
t^cneral  character  of  the  cur\'e  is  the  same.  Thus  in  a  7  500-kw. 
lij^ht  and  power  plant  using  steam-turbines  the  operating  cost 
was  reduced  from  0.5  to  0  325c.  per  kilowatt-hour  or  42.5% 
of  the  normal,  with  an  increase  of  only  13%  in  load-factor. 
See  Fig.  G. 
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It  is  therefore  apparent  that  as  two  factors  combine  to  give 
the  total  cost  of  power;  namely,  the  operating  costs  and  capital 
or  fixed  costs,  both  should  be  considered  in  determining  the 
effect  of  load-factor  .  As  a  matter  of  fact,  one  is  about  as  im- 
portant as  the  other.     With  a  high  load-factor,  50%  to  70%, 
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such  as  occurs  in  a  large  railway  plant,  a  small  change  has  a 
comparatively  insignificant  effect  owing  to  the  flatness  of  the 
curve,  but  in  a  lighting  plant  where  the  load-factor  ranges  from 
15%  to  25%  the  values  change  with  great  rapidity.  An  ex- 
cellent method  of  obtaining  a  clear  idea  of  the  total  effect  of 
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load-factor  is  by  means  of  a  diagram.  Fig.  7.  similar  to  that 
used  by  Dr.  Mertz,  in  which  capital  costs  are  plotted  below, 
and  operating  costs  above  the  horizontal  axis,  the  total  ordinate 
giving  total  costs.     The  combined  effect  of  the  two  curves  is 
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very  striking,  and  emphasizes  the  necessity  of  increa^ng  the 
avcraj;e  all-day  load  upon  a  power  station  by  every  legitimate 
means.  Also  of  restraining  as  much  as  possible  the  capital  cost 
of  a  power  station  necessarily  operating  on  low  load-factors. 
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American  ItutituU  0/  EUctrical  Engineers^ 
New  York^  January  9^^  1006. 
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A  SELF-EXCITING  ALTERNATOR. 


BY  B.  P.  ALBXANDBRSON. 

The  large  amount  of  work  which  has  been  done  on  self- 
exciting  alternators  and  the  numerous  different  types  of  these 
alternators  that  have  been  proposed  clearly  indicate  the  de- 
sirability of  such  a  machine.  This  paper  describes  a  type  of 
self-exciting  alternator  developed  by  the  author,  but  in  the 
course  of  the  description  the  work  of  other  inventors  will  also 
be  briefly  referred  to. 

The  theoretical  possibility  of  a  self -exciting  alternator  was 
demonstrated  years  ago,  both  in  this  country  and  in  Europe, 
but  insufficient  knowledge  of  the  principles  underlying  com- 
mutation and  voltage  regulation  led  to  the  early  experimental 
machines  being  abandoned  as  unsatisfactory.  The  real  reason 
for  the  unsatisfactory  behavior  of  these  machines  was  appar- 
ently not  fully  understood  at  that  time,  with  the  result 
that  the  rectifying  commutator  then  used  was  condemned  as 
being  unfitted  for  supplying  the  field  excitation  for  self -exciting 
alternators. 

Inventors  that  have  worked  on  this  problem  in  later  years 
have  employed  entirely  different  methods.  Heyland's  self-excit- 
ing alternator,  often  mentioned  in  recent  technical  literature,  has 
been  developed  from  the  principle  of  a  direct-current  armature 
with  a  multi-segment  commutator  and  a  number  of  coils  con- 
nected to  the  segments.  The  mechanical  construction  of  the 
direct-current  armature  is  unsuitable  when  applied  to  the 
field  of  an  alte  nating-current  generator,  and  for  this  reason 
the  later  machines  of  the  Hey  land  type  are  constructed  with 
projecting  poles  in  a  manner  similar  to  the  poles  of  ordinary 
generators.     In  Heyland's  generators  good  commutation  is  ob- 
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tained  by  dividing  the  field  winding  into  a  sufficient  number 
of  circuits  interconnected  in  such  a  way  as  to  reduce  the  re- 
active voltage  when  the  current  is  commuted  from  one  field 
circuit  to  another.  The  commutation  is  further  improved  by  a 
set  of  revolving  resistances  shunting  the  commutator  segments. 

Another  type  of  self-exciting  alternator  has  been  de'^rised  by 
Latour.*  This  employs  a  multi-segment  commutator,  and  a 
field  winding  with  a  number  of  coils  in  which  the  current  is  suc- 
cessively changed  as  the  brushes  pass  the  commutator  segments. 

The  self-exciting  alternator  designed  by  the  author  does  not 
use  the  multi-circuit  arrangement  of  the  field,  but  can  be  con- 
sidered as  a  development  from  the  old  principle  of  itictifying 
commutator,  cited  in  reference  to  the  early  experiments.  A 
novel  feature  of  this  machine  is  the  automatic  voltage  regula- 
tion accomplished  by  a  special  application  of  the  field  rheostat. 
While  in  ordinary'  generators  the  field  current  is  controlled 
by  hand  regulation,  this  machine  employs  a  three-phase  field 
rheostat  in  which  the  voltage  drop  is  automatically  cut  down 
to  the  dosired  extent  b\  a  three-phase  current  forced  through 
the  rheostat  in  opposite  direction  to  the  field  currents.  The 
current  used  for  reducing  the  drop  in  the  rheostat  is  taken 
from  a  transformer  connected  in  series  with  the  armature 
circuit.  In  this  way  the  field  current  is  regulated  with  respect 
to  the  power-factor  as  well  as  to  the  amount  of  current  taken 
from  the  generator. 

The  principles  which  must  be  borne  in  mind  in  the  design  of 
self-exciting  compounded  alternators  are: 

A.  The  commutation  must  be  satisfactory"  with  a  load  of 
any  character,  without  shifting  the  brushes. 

B.  The  compounding  must  be  arranged  so  that  armature 
reaction  is  compensated  for,  not  only  with  variations  of  the 
load,  but  also  for  changes  in  power-factor. 

It  will  be  shown  that  both  of  these  conditions  can  be  obtained 
without  departing  from  the  simplicity  of  a  single  field  winding 
of  the  ordinary  type  which  carries  a  direct  current  and  is  fed 
from  two  terminals  connected  to  a  rectifying  commutator. 
Any  standard  type  of  field  winding  as  at  present  applied  to 
the  ordinary'  tyy)e  of  alternating-current  machincr\^  can  there- 
fore be  used  with  this  system. 

*  Tlic-  q\ics^ioii  of  priority  Ix.twcen  Latour  and  Hcylar.d,  who  devel- 
oj>ed  their  machines  indipendently,  is  a  matter  which  falls  outside  the 
scope  and  purpose  of  this  paper. 
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A  general  diagram  of  the  author's  type  of  alternator  is  shown 
in  Fig.  1.  The  exciting  current  is  generated  in  an  auxiliary 
three-phase  winding  placed  in  the  same  slots  as  the  main  arma- 
ture winding.  The  terminals  of  this  auxiliary  winding  are  con- 
nected to  three  sets  of  brushes  that  bear  on  a  rectifying  com- 
mutator of  special  type.  This  commutator  has  one  active 
segment  per  pole,  covering  practically  two-thirds  of  the  pole- 
pitch,  the  remaining  one-third  of  the  arc  being  insulated.  Each 
alternate  segment  is  connected  to  one  terminal  of  the  field 
winding,  and  the  remaining  segments  to  the  other.  By  this 
arrangement  it  is  possible  to  make  the  commutation  inde- 
pendent of  the  reactance  which  is  inherent  in  .the  ordinary 
type  of  field  winding,  and  the  whole  process  of  commutation 
is  carried  out  in  the  stationary  circuits  before  the  current 
enters  the  field. 

The  voltage  generated  in  the  auxiliary  winding  is  sufficient 
to  supply  current  foi  excitation  at  full  inductive  load;  and  the 
excitation  is  adjusted  to  the  proper  no-load  value  by  a  three- 
phase  rheostat  inserted  in  the  neutral  point  of  the  auxiliary 
winding.  Automatic  compounding  is  accomplished  by  means 
of  a  series  transformer  connected  to  the  rheostat;  the  trans- 
former sends  a  current  through  the  rheostat  in  a  direction  oppo- 
site to  the  field  current,  thert^by  eliminating  the  voltage  drop 
in  the  rheostat.  The  elimination  of  the  voltage  drop  in  the 
rheostat  changes  over  more  or  less  of  the  field  current  from 
the  rheostat  to  the  series  transformer.  The  secondary  current 
of  the  series  transformer  is  in  phase  with  the  line  current,  while 
the  field  current  is  practically  in  phase  with  the  voltage.  The 
amount  of  boosting  in  the  field  circuit  will  therefore  depend 
not  only  upon  the  value  of  the  secondary  current,  but  also 
upon  the  power- factor  of  the  load.  A  function  of  the  rheostat 
which  is  just  as  important  as  the  field  control,  is  its  influence 
on  the  commutation.  This  will  be  explained  later.  As  far  as 
commutation  is  concerned,  the  full  resistance  of  the  rheostat 
may  be  considered  as  always  being  in  circuit,  although  the  larger 
part  of  the  field  current  may  flow  through  the  series  transformer. 

As  the  phenomenon  of  commutation  with  this  kind  of  recti- 
fying commutator  is  entirely  different  from  that  with  the 
ordinary  multi-segment  commutator  of  a  direct-current  machine, 
it  may  be  of  Intercast  to  enter  somewhat  further  into  the  theory 
of  commutation  in  the  new  type  of  alternator.  In  order  to 
understand  the  operation  of  the  commutator  it  must  be  borne 
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in  mind  that  the  field  winding  carries  a  continuous  current  in 
spite  of  the  fact  that  the  impressed  voltage  is  of  a  pulsating 
character.  The  only  fluctuation  that  can  occur  is  the  qtiite 
negligible  ptdsation  needed  to  induce  a  voltage  large  enough  to 
overcome  the  ohmic  resistance  of  the  winding.  The  current 
in  the  three-phases  of  the  exciting  circuit  is  not  an  alternating 
current  of  the  regular  sine-wave  shape,  but  is  formed  of  pieces, 
so  to  say,  cut  off  from  the  direct  current.  The  commutation 
consists  in  changing  over  the  direct  current  from  one  phase  of 
the  exciting  circuits  to  another,  and  occurs  when  one  brush 
has  come  in  contact  with  a  segment  and  another  brush  is  ready 
to  leave  the  same  segment  and  nm  into  the  dead  part  of  the 
commutator.  At  this  instant  the  current  must  be  changed, 
in  the  brush  which  enters  the  segment,  from  zero  to  full  value 
of  the  direct  current;  and  the  current  in  the  other  brush  must 
be  reduced  from  maximum  to  zero.  Commutation  should  occur 
a  little  later  than  at  the  moment  in  which  the  induced  voltages 
are  equal  in  the  two  phases  undergoing  commutation.  If  we 
imagine  that  one  of  the  brushes  is  leaving  the  segment  when 
the  voltages  are  exactly  equal,  that  brush  would  yet  be  carrying 
a  part  of  the  field  current  and  this  current  would  suddenly  be 
interrupted  and  changed  over  to  the  other  circuit.  If  the  sta- 
tionary circuit  has  a  high  reactance  the  sudden  change  of  the 
current  would  induce  a  voltage  between  the  brush  and  the  seg- 
ment, and  thereby  cause  a  spark.  The  moment  of  commuta- 
tion should,  therefore,  be  delayed  to  such  an  extent  that  the 
difference  in  voltage  between  the  two  phases  begins  to  force 
a  cross  current  through  the  completed  circuit  formed  by  the 
two  phases  and  the  rheostat.  As  soon  as  the  two  brushes  are 
in  contact  with  the  same  segment  they  naturally  divide  the 
field  current;  but  the  cross  current  which  is  superimposed  on 
the  field  current  w411  weaken  the  current  in  one  of  the  phases 
and  strengthen  it  in  the  other  phase.  If,  therefore,  the  cross 
current  is  half  as  large  as  the  field  current  at  the  moment  of 
rupture,  one  of  the  phases  will  carry  the  entire  current  and 
none  will  pass  through  the  brush  which  is  leaving  the  segment. 
In  this  way  complete  commutation  takes  place  just  before 
the  brush  leaves  the  segment,  and  consequently  no  sparking 
will  occur.  The  time  which  is  required  for  the  cross  current 
to  reach  the  value  of  one-half  of  the  field  current  depends  upon 
the  reactance  and  resistance  in  the  external  stationary^  circuit. 
From  the  preceding  it  is  evident  that  whatever  be  the  values 
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of  these  quantities,  a  position  can  be  found  for  the  brushes 
where  commutation  will  occur  without  sparking.  But  it  is 
also  evident  that  a  slight  variation  in  the  position  of  the  brushes 
may  cause  severe  sparking  if  the  circtiits  are  not  properly  de- 
signed. If  the  circuits  consist  of  a  winding  with  a  very  small 
resistance  and  high  reactance,  a  :mall  difference  in  voltage 
will  cause  a  large  cross  current  to  flow  between  the  two  phases, 
and  this  cross  current  cannot  be  broken  suddenly  without  spark- 
ing. In  order  to  obtain  successfvil  operation  of  the  commu- 
tator, the  generating  circuit  should  be  designed  with  as  little 
reactance  as  possible  and  with  a  considerable  amount  of  resist- 
ance. 

Since  this  machine  has  been  developed  the  question  has  often 
been  asked,  why  a  rectifying  commutator  has  been  so  success- 
ful on  this  particular  application,  while  it  cannot  be  used  for 
direct-current  generators.  One  reason  for  its  success  when  used 
for  field  excitation  is  that  the  presence  of  the  rheostat  in  the 
stationary  exciting  circuit  introduces  a  resistance  which  pre- 
vents the  flow  of  an  excessive  current  when  two  brushes  are  in 
contact  with  the  same  segment.  A  rheostat  is  used  in  the  field 
circuit  of  any  generator;  and  although  it  consumes  a  con- 
siderable part  of  the  exciter  voltage  it  is  not  objectionable, 
on  account  of  the  small  power  involved.  Another  reason  for 
the  success  of  the  rectifying  commutator  when  applied  to  field 
excitation  is  that  the  field  current  is  generated  by  a  magnetic 
flux  large  enough  for  the  total  output  of  the  machine,  permitting 
the  auxiliary  winding  to  be  designed  with  a  small  number  of 
turns  and  low  reactance. 

The  effect  of  each  of  the  different  conditions  which  influence 
commutation  has  been  determined  experimentally.  The  most 
important  of  these  conditions  arc: 

1.  Effective  voltage  across  the  brushes. 

2.  Effective  voltage  of  the  auxiliary  winding. 

3.  Resistance  of  the  stationar}^  exciting  circuit. 

4.  Reactance  of  the  stationar}'^  exciting  circuit. 

5.  Current  density  in  brushes. 

6.  Velocity  of  commutator. 

7.  Amount  of  direct  current  taken  from  commutator. 

The  above  quantities  simply  affect  commutation  in  deter- 
mining the  extent  to  which  tne  brushes  may  be  shifted  without 
causing  sparking.  The  method  of  investigating  how  these 
several  factors  influence  comniutation   has  been  to  varv  one 
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quantity  at  a  time,  keeping  all  the  others  constant.  In 
general  the  results  show  that  the  range  over  which  the 
brushes  may  be  shifted  without  sparking  is  inversely  propor- 
tional to  the  voltage  across  the  brushes  and,  up  to  a  certain 
limit,  almost  directly  proportional  to  the  resistance  in  the 
stationary  exciting  circuit.  It  is  also  an  interesting  fact  that 
commutation  is  independent  of  the  current  taken  from  the  com- 
mutator, if  the  voltage  of  the  auxiliary  winding  and  the  re- 
sistance of  the  rheostat  are  kept  constant. 

In  order  to  insure  successful  operjtion  of  the  commutator 


Fig.  3.— 100-kw.  Self-exciting  Alternator. 


in  a  compounded  machine  it  is  not  only  necessary  to  study 
the  phenomena  of  commutation  independently,  but  several 
other  factors  should  also  be  taken  into  account.  A  machine 
should  be  designed  so  that  the  most  favorable  position  of  the 
brushes  varies  as  little  as  possible  for  different  characters  of 
load.  In  order  to  understand  this  it  will  be  necessary  to  enter 
somewhat  further  into  the  theory  of  compounding;  but  in 
passing  it  may  be  mentioned  that  it  has  been  demonstrated 
that  a  machine  can  be  designed  with  the  most  favorable  position 
of  the  brushes  coincident  for  no  load  and  for  full  load. 

In    considering    the    theory    of    compounding    self-exciting 
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alternators  it  will  be  assumed  that  the  rule  suggested  by  the 
American  Institute  op  Electrical  Engineers,  and  generally 
accepted  in  calculating  the  regulation,  is  true,  as  it  is  found  to 
agree  with  practice  in  the  majority  of  cases.  According  to 
this  rule,  the  excitation  which  is  needed  to  maintain  a  certain 
voltage  at  the  machine  terminals,  neglecting  the  ohmic  drop  in 
the  armature  winding,  can  be  found  by  combining  the  ampere- 
turns  of  the  no-load  excitation  with  the  ampere-turns  of  the 
synchronous  impedance  at  right  angles  for  non-inductive  load; 
and  for  any  other  load  at  an  angle  which  corresponds  to  the 
power-factor.  The  phases  of  the  auxiliary  winding  are  con- 
nected in  such  a  manner  that  the  voltage  induced  in  them  lags 
by  90  electrical  degrees  behind  the  corresponding  phases  of 
the  main  winding.  The  secondary  circuits  of  the  series  trans- 
former are  closed  through  the  rheostat,  and  the  current  com- 
bines with  the  field  current  at  right  angles  at  non-inductive 
load,  but  is  in  phase  with  it  at  zero  power-factor.  At  full 
inductive  load  of  zero  power-factor  the  field  current  in  the 
rheostat  is  completely  neutralized  by  the  current  of  the  series 
transformer.  The  effect  of  the  series  transformer  on  the  ex- 
citing circuit  is,  therefore,  equivalent  to  an  additional  electro- 
motive force  which  can  be  combined  with  the  electromotive 
force  of  the  auxiliary  winding  at  an  angle  dependent  upon  the 
power-factor.  The  restilting  electromotive  force  available 
through  this  arrangement,  for  excitation,  is  obviously  the  same 
as  that  calculated  by  the  A.  I.  E.  E.  rule. 

The  quantities  have  to  be  slightly  modified  in  practice  to 
produce  the  exact  degree  of  compounding  or  over-compoimding 
desired.  The  compounding  for  non-inductive  load  can  be 
changed  at  will  without  changing  the  compounding  for  load 
of  zero  power-factor.  This  is  accomplished  by  so  connecting 
the  armature  that  the  electromotive  force  of  the  auxiliary 
winding  lags  less  than  90  degrees  behind  the  electromotive 
force  of  the  main  winding.  If  the  effect  of  the  series  trans- 
former is  considered  as  an  electromotive  force  combined  with 
that  of  the  auxiliary"  winding,  at  approximately  right  angles 
for  non-inductive  load,  it  is  evident  that  the  resulting  voltage 
impressed  on  the  brushes  has  not  the  same  phase  relation  to 
the  voltages  of  the  machine  at  full  load  as  it  has  at  no  load. 
In  order  to  insure  good  commutation  at  any  load,  it  is  desir- 
able that  the  three-phase  voltage  impressed  on  the  brushes 
should  pass  through  its  zero  point  at  a  given  position  of  the 
commutator. 
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In  every  alternating-current  generator  the  armature  reaction 
for  non-inductive  load  is  a  magnetomotive  force  tending  to 
produce  a  set  of  poles  midway  between  the  poles  excited  by 
the  field  winding.  The  magnetic  field  of  a  loaded  generator 
is,  therefore,  not  the  same  as  the  field  at  no  load;  it  is  a  com- 
bination of  the  magnetic  flux  induced  by  the  field  winding  and 
that  generated  by  the  armature  reaction.  The  angle  of  dis- 
placement between  the  resulting  field  and  the  mechanical 
center-line  of  the  poles  depends  upon  the  design  of  the  magnetic 
structure,  and  varies  widely  in  different  types  of  machines. 
The  simplest  case  to  illustrate  is  a  field  of  the  high-speed  tur- 
bine type  in  which  the  field  winding  is  placed  in  slots,  as  this 
type  offers  imiform  reluctance  to  the  liue^  of  force  in  all  di- 


FiG.  4. — Revolving  Field  of  100-kw  Self-exciting  Alternator. 

rcctions.  The  field  excitation  and  the  magnetic  flux  induced 
by  the  armature  reaction  are,  therefore,  proportional  to  the 
corresponding  magnetomotive  forces,  and  combine  at  right 
angles  for  load  of  unity  power- factor.  When  the  machine  is 
under  load  the  resulting  field  is  displaced  from  the  mechanical 
center-line  of  the  poles  by  an  angle;  the  tangent  of  this  angle 
is  the  armature  reaction  divided  by  the  field  excitation.  From 
this  it  will  be  seen  that  it  is  possible  to  design  a  self-exciting 
compounded  machine  so  that  the  most  favorable  position  of 
the  brushes  remains  practically  constant.  If  the  compoimding 
is  calculated  according  to  the  A.  I.  E.  E.  rule,  the  voltage  of 
the  compounding  should  have  a  relation  to  the  voltage  of  the 
auxiliary   winding   approximately   the   same   as  the   armature 
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reaction  to  the  field  excitation.  On  account  of  the  armature 
reaction  the  resulting  field  will  lag  a  certain  angle  behind  the 
center  line  of  the  poles;  the  electromotive  force,  however, 
induced  by  the  field  in  the  auxiliary  winding  is  so  combined 
with  the  electromotive  force  of  the  compounding  that  the 
resulting  voltage  is  ahead  of  the  machine  voltage  by  approx- 
imately the  same  angle  as  the  field  is  distorted  by  the  armature 
reaction. 

The  accompanying  oscillograms,  Figs.  8  and  9,  show  the 
shape  of  the  current  wave  in  one  of  the  phases  of  the  exciting 
circuit,  and  confirm  the  theory  of  commutation  given  above. 
One  of  the  diagrams  was  taken  at  that  position  of  the  brushes 
which  is  most  favorable  for  commutation.  The  top  of  the  wave 
is  a  straight  line;  or  in  other  words,  a  direct  current,  as  should 
be  expected.  After  this  'comes  a  period  of  commutation. 
The  current  is  gradually  brought  down  to  zero  through  the 
effect  of  the  cross  current,  and  remains  zero  tmtil  the  brush 
comes  in  contact  with  the  next  segment.  The  other  diagram 
was  taken  with  the  brushes  shifted  a  certain  distance  from  the 
most  favorable  position.  The  peak  at  the  beginning  of  the 
current  wave  indicates  that  the  cross  current  had  reached  too 
large  a  value  before  the  circuit  was  broken.  Even  under 
these  conditions,  however,  commutation  occurred  without 
sparking. 

The  fact  that,  all  the  phenomena  of  compounding  take  place 
within  the  magnetic  circuit  of  the  field  makes  the  compensation 
for  the  armature  reaction  instantaneous.  In  any  generator  a 
sudden  increase  in  the  armature  reaction  produces,  by  induc- 
tion, a  momentary  increase  of  current  in  the  field  winding; 
in  the  present  case  this  increase  of  field  current  is  maintained 
by  the  increased  voltage  at  the  field  terminals,  which,  because 
of  the  compounding,  varies  simultaneously  with  the  change 
of  load.  This  fact  can  be  demonstrated  by  observing  an 
incandescent  lamp  fed  from  the  alternator  circuit.  If  the 
generator  runs  at  no  load,  and  full  load  is  switched  on,  no 
fluctuation  whatever  can  be  observed  in  the  brightness  of  the 
lamp. 

The  compoimding  for  non-inductive  loads  affords  an  easy 
method  of  compensating  for  speed  variations  in  the  prime 
mover,  which  are  due  to  fluctuations  of  the  hjad.  This  method 
of  compensating  for  the  speed  variation  is  appreciated  in  the 
case  of  direct-current  generators,   although   the   compensation 
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is  not  so  good  as  in  alternating-current  machines.  The  latter 
machines  have  a  compounding  characteristic  which  gi^  es  a 
perfectly  straight  line,  as  shown  in  Fig.  2;  whereas  the  well- 
known  shape  of  the  compoimding  characteristic  of  the  direct- 
current  generators  usually  shows  a  much  larger  increase  of  volt- 
age at  three-quarters'  load  than  at  full  load. 

The  illustrations  in  Figs.  3  to  7,  inclusive,  show  some  of  the 
features  which  have  been  adopted  in  the  type  of  self-exciting 
alternators  developed  by  the  author.  The  commutator  is 
btiilt  on  a  straight  shell,  and  the  segments  are  held  together 
by   two   steel    rings   shrunk   on    the  ends  of  the  bars.     These 


Fig.  5. — Armature  with  Auxiliary  Winding. 


rings  ser\^e  as  an  electrical  connection  between  the  different 
segments,  one  of  the  rings  being  connected  to  every  other 
segment,  and  the  other  ring  to  the  rest  of  the  segments.  The 
two  tenninals  of  the  lield  winding  arc  connected  to  two  seg- 
ments of  opposite  polarity,  and  consequently  to  the  respective 
end-rings.  In  this  way  the  end-rings  can  be  used  at  any  time 
as  collector  rings  for  separate  excitation.  The  spaces  between 
the  segments  are  electrically  equivalent  to  air-gaps,  but  in  order 
to  support  the  brush  mechanically  the  dead  spaces  are  filled 
with  a  number  of  small  copper  bars  separated  by  mica  insula- 
tion. 
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In  parallel  operation  with  ordinary  machines,  and  also  with 
other  self-exciting  machines,  these  alternators  have  given 
favorable  results.  When  two  or  more  over-compotmded  alter- 
nators are  operated  in  parallel,  in  the  same  station,  the  series 
transformers  should  be  interconnected  by  an  equalizer  bus-bar 


Fig.  G. — 500-k\v.  Self-exciting  Turbo-Alternator. 


in  the  same  way  as  the  series  fields  are  equalized  in  compounded 
•  iirt^ct-current  generators.  If  the  self-exciting  alternator  is  to 
run  in  parallel  with  a  separately-excited  generator,  the  com- 
pounding should  be  adjusted  to  correspond  to  the  inherent  regula- 
tion of  the  separately-excited  machine,  in  order  to  divide  the 
current  properly.     When  considering  the  parallel  operation  of 
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these  machines,  special  attention  may  be  called  to  a  convenient 
method  which  can  be  adopted  for  synchronizing.  If  one  gen- 
erator is  to  be  started  and  synchronized  with  other  self-exciting 
generators,  it  is  only  necessary  to  bring  the  machine  up  to 
approximate  synchronous  speed  as  held  by  the  governor,  and 
to  close  the  main  switch.  The  closing  of  the  switch  will  cause 
a  momentary  rush  of  current,  but  the  compounding  of  the 
•ther  generators  will  prevent  any  material  disturbance  of  the 
line  voltage;  and  the  machine,  which  has  been  started,  will 
build  up  its  field  immediately.  The  rush  of  current  which 
occurs  when  closing  the  main  switch,  if  the  generators  are  out 


Fig.  7. — Series  'IVansformer  and  Rheostat  for  500-kw. 
Sclf-cxciting  Alternator. 


of  phase,  is.  however,  not  nearly  so  great  with  self-excited 
as  with  sei)arately-excited  alternators.  In  the  case  of  the 
separately-excited  machine,  a  north  pole  takes  the  position 
which  should  be  occupied  by  a  south  pole,  causing  a  cross 
current  to  flow,  which  is  twice  as  large  as  a  short  circuit  on  the 
generator;  whereas  the  self-excited  machine  has  no  definite 
polarity  before  synchronization,  and  the  auxiliary  winding 
tends  at  every  moment  to  generate  a  polarity  corresponding  to 
the  line  voltage.  This  phenomenon  can  be  observed  if  a  polar- 
ized direct-curn^nt  ammeter  is  connected  in  series  with  the 
field  circuit  during  synchronization.  The  ammeter  needle  will 
swing  on  both  sides  of  the  zero  point  with  decreasing  speed  and 
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increasing  amplitude,  until  it  finally  stops  either  on  the  positive 
or  the  negative  side. 

If  the  self-excited  machine  is  allowed  to  build  up  its  own 
voltage  independently,  and  is  synchronized  in  the  ordinary 
way,  there  is  less  chance  of  failure  than  with  a  separately- 
excited  generator.  The  following  experiment  was  made:  A 
500-kw.  self-excited  generator  was  switched  in  with  a  500-kw. 
separately-excited  machine  when  directly  in  opposition  to  the 
latter.  The  self-excited  machine  immediately  changed  its 
polarity,  only  an  instantaneous  spark  being  noticed  at  the 
commutator. 


Fig.  8. — Oscillogram  of  Current  in  Brushes. 

Tests  which  have  been  made  give  promise  of  an  extensive 
use  of  self-exciting  machines  as  synchronous  motors.  A  self- 
exciting  synchronous  motor  can  be  either  shunt  connected  or 
compotmded.  Compounded  synchronous  motors  will  be  found 
to  be  especially  useful  for  boosting  the  voltage  at  the  ends  of 
long  transmission  lines.  In  this  case  the  series  transformer 
which  is  used  for  compounding  should  bo  connected  in  series 
with  the  main  line,  so  that  an  increase  of  current  in  the  rest 
of  the  system  raises  the  excitation,  with  a  consequent  increase 
of  leading  current  in  the  synchronous  motor. 

The  method  of  starting  a  self-exciting  synchronous  motor  is 
the  same  as  that  of  starting  an  ordinary  synchronous  motor 
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until  the  speed  approaches  synchronism.  The  ordinary  syn- 
chronous motor  is  an  induction  motor  brought  up  to  an  ap- 
proximately synchronous  speed  through  the  inductive  relation 
of  stator  and  rotor  windings.  When  the  field  is  excited  the 
revolving  part  receives  alternately  positive  and  negative  im- 
pulses as  the  poles  slip  over  the  synchronous  positions,  until 
one  positive  impulse  is  strong  enough  to  pull  the  machine 
into  step.  In  synchronizing  the  self-excited  synchronous 
motor,  the  same  phenomena  will  occur  as  in  the  self-excited  gen- 
erators. When  the  torque  due  to  inductive  effect  begins  to 
decrease  on  accoimt  of  the  decrease  of  slip  the  excitation  im- 
pressed through  the  commutator  becomes  active,  and  the  field 


Fig.  9. — Oscillogram  of  Current  in  a  Brush  at  an  Unfavorable  Brush-shift. 

will  receive  a  series  of  impulses — all  in  the  same  direction — 
which  increase  in  strength  with  the  decrease  of  slip  until  syn- 
chronism has  been  reached. 

It  is  anticipated  that  the  self-exciting  alternator  will  be 
extensively  used  on  account  of  its  automatic  features,  and  the 
cheaper  and  more  simplified  station  arrangements  that  it  ren- 
ders possible,  especially  in  steam-turbine  installations  where 
direct-connected  exciters  are  not  desirable.  The  abolishing  of 
the  exciter  plant  with  its  steam  piping,  engine,  and  motor- 
generator  set,  will  considerably  simplify  the  station.  The 
saving  of  labor  may  also  be  considerable,  as  the  attendants 
will   have   only  the   main   generating  units   to   operate.     The 
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saving  in  cost  and  labor  on  account  of  the  simplified  arrange- 
ment applies  to  large  as  well  as  to  small  stations;  and  it  is 
probable  that  self-excited  alternators  will  be  preferred  to  sep- 
arately-excited alternators  for  the  same  reasons  that  self-ex- 
cited direct-current  machines  are  generally  preferred  to  t^tose 
that  are  separately-excited. 

Any  ordinary  type  of  alternating-current  generator  can  be 
adapted  for  the  system  of  excitation  and  compounding  de- 
scribed, and  the  experience  already  gained  clearly  indicates 
that  it  is  applicable  to  large  as  well  as  to  small  units.  The 
fact  that  the  machines  described  have  passed  the  experimental 
stage,  and  that  one  of  the  leading  electric  concerns  is  manu- 
facturing them  as  standard  apparatus,  gives  promise  that  more 
data  regarding  the  practical  and  commercial  operation  will 
soon  be  available. 
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Discussion   on   "  A  Selp-exciting  Alternator,"  at  New 
York,  January  26,  1906. 

A.  E.  Kennelly:  This  paper  is,  I  think,  extreinely  interest- 
ing, because  of  the  apparent  simplicity  of  the  means  that 
have  been  adopted,  not  only  for  the  exciting,  but  also  for  the 
compounding  of  the  alternator  described.  The  first  dynamo 
machines  were,  of  course,  separately  excited,  and  it  was  con- 
sidered a  great  step  to  make  them  compounding.  When 
alternators  came  into  use,  it  was  considered  much  more  difficult 
to  make  them  self-exciting,  on  account  of  the  direct  current 
required  by  the  field,  the  armature  producing  alternating  cur- 
rent. Self-exciting  was  considered  more  important  for  them 
than  compounding,  because  in  the  case  of  alternators  it  was 
not  the  IR  drop  that  had  to  be  compounded,  but  the  IZ 
drop;  a  two-dimension  problem  instead  of  a  one-dimension 
problem,  and  therefore  more  difficult  as  the  square,  so  to  speak. 

In  the  past,  various  methods  have  been  used  for  compounding 
alternators,  but  these  reached  only  partial  success  in  practice, 
and  have  not  been  regarded  as  available  for  high-voltage  ma- 
chines. Here,  however,  seems  to  be  a  means  for  alternator 
compounding  applicable  to  machines  of  any  voltage  and  on 
any  load.  In  fact  it  looks  as  if  a  station  fitted  with  such  ma- 
chines as  these — if  they  work  out  satisfactorily  in  practice — 
might  have  no  machines  but  the  main  turbo-generators,  no 
auxiliaries  for  driving  exciters,  and  no  synchronizers;  so  that 
the  station  operator  would  just  close  the  alternator  switch 
when  he  so  desired,  and  throw  any  machine  on  as  soon  as  it 
came  up  to  speed.  If  this  is  really  more  than  a  dream,  some- 
thing to  be  hoped  for  in  the  near  future,  I  think  it  is  a  result 
upon  which  not  only  the  author  of  the  paper,  but  the  entire 
Institute,  may  be  congratulated. 

C.  F.  Scott:  The  self-exciting  of  alternators  is  so  interesting 
and  involves  so  many  features  that  one  can  scarcely  do  justice 
to  it  without  more  careful  consideration  than  has  been  possible 
this  evening. 

The  method  that  has  been  described  this  evening  certainly 
overcomes  a  great  many  of  the  difficulties  encountered  in 
early  alternator  design;  this  method  is  ingenious,  and  it  pos- 
sesses characteristics  that  apparently  render  it  superior  to 
many  other  methods  which  have  been  proposed  for  accom- 
plishing the  same  results. 

An  objection  to  this  method  of  exciting  and  compounding 
is  that  the  alternator  is  quite  sensitive  because  it  is  self-ex- 
citing, and  variations  in  the  general  voltage,  particularly 
variations  in  speed,  arc  immediately  transmitted  to  the  exciter. 
In  plants  driven  by  water-wheels  the  speed  is  subject  to  con- 
siderable variation;  in  a  case  like  this  the  voltage  regulation  is 
apt  to  be  more  nearly  constant  if  the  exciting  voltage  is  ob- 
tained from  an  independent  source.     If  the  load  is  heavy  and 
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the  speed  drops  there  is  especial  need  for  exciting  current, 
whereas  tinder  these  conditions  the  self-exciting  machine  is 
apt  to  have  a  falling  off  in  field  current.  On  the  other  hand, 
when  the  load  is  thrown  off  and  the  speed  rises,  either  because 
the  governor  is  sluggish,  or  fails  to  act  at  all,  the  voltage  will 
rise  very  considerably,  as  the  field  current  increases  with  the 
speed.  This  characteristic  is  inherent  in  all  self-exciting  ma- 
chines. 

The  field  of  a  direct-current  generator  is  usually  much  more 
highly  saturated  than  is  the  field  of  an  alternator,  consequently 
the  alternator  is  much  more  sensitive  to  variations.  Some- 
times the  exciter  is  driven  either  directly  or  indirectly  from  the 
main  alternator,  so  that  the  speed  of  the  exciter  is  subject  to 
the  variations  in  the  speed  of  the  main  alternator.  Even  this 
has  not  been  satisfactory'  in  some  cases  of  widely  fluctuating 
load,  and  a  separately-driven  exciter  at  constant  speed  has 
been  found  an  acceptable  remedy  for  avoiding  the  previous 
variations  in  voltage.  I  am  of  the  opinion,  therefore,  that 
self-excitation  is  not,  to  say  the  least,  a  complete  and  universal 
solution  of  the  problem  of  excitation  of  alternators. 

W.  L.  R.  Emmet:  I  have  seen  this  device  working  under 
ver\'  tr\'ing  conditions,  and  its  performance  was  astonishingly 
good.  It  is  the  quickness  of  its  action  that  is  astonishing.  I 
have  seen  a  machine  of  this  kind  suddenly  thrown  on  heavy 
inductive  loads  of  more  than  full-load  capacity,  without  a  sign 
of  sparking  on  the  commutator,  or  appreciable  flickering  in 
the  lamps.  The  nature  of  the  device  is  such  that  it  is  capable 
of  application  to  any  size  machine,  because  it  can  be  arranged 
in  multiple  circuits,  with  no  more  current  in  any  one  circuit 
than  that  used  on  small  machines.  Experience  indicates 
there  is  almost  no  limit  to  the  application  of  the  idea.  I  think 
the  final  results  are  chiefly  due  to  the  care  with  which  Mr. 
Alexanderson  has  worked  out  the  proportioning  of  everything 
concerning  it. 

As  to  the  variations  of  speed,  that  is  a  limitation  in  all  self- 
exciters;  at  the  same  time,  if  this  device  is  employed  it  can 
be  compounded  for  speed  as  well  as  for  load,  as  most  machines 
are  governed  by  load;  a  machine  with  this  device  is  capable 
of  doing  this  particularly  well. 

A.  S.  McAllister:  The  phase  position  of  the  voltage  gener- 
ated in  the  auxiliary  winding  depends  on  the  mechanical  posi- 
tion of  the  winding  on  the  core,  and  the  phase  position  of  the 
voltage  in  the  series  transformers  depends  upon  the  power- 
factor  of  the  load.  At  non-inductive  load  these  voltages  add 
at  a  certain  angle,  and  at  inductive  load  they  add  at  a  different 
angle.  A  change  in  the  angle  is  equivalent  to  a  change  in  the 
position  of  the  brushes,  and  I  would  ask  if  this  change  has  any 
effect  on  the  commutation  when  the  load  is  variocl  from  its 
full  inductive  to  its  full  non-inductive  value  without  moving 
the  brushes? 
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E.  F.  Alexandenon:  The  diflficulty  is  apparently  to  make 
the  machine  commutate  properly  for  no  load  and  non-inductive 
load,  because  the  voltage  impressed  on  the  commutator  is  nc  t 
of  the  same  phase  relation  to  the  machine  voltage  at  no  load 
and  full  load.  The  field  is,  however,  distorted  by  the  armature 
reaction  at  the  same  time  as  the  voltage  impressed  on  the 
commutator  is  shifted  ahead  of  the  electromotive  force  of  the 
auxiliary  winding.  Therefore  the  position  of  the  brushes  at 
no  load  is  nearly  the  best  position  for  non-inductive  load.  At 
inductive  load  the  voltage  of  the  series  transformer  combines 
with  the  voltage  of  the  auxiliar>'  winding  in  a  straight  line, 
and  at  the  same  time  the  armature  reaction  combines  with  the 
field  excitation  in  a  straight  line,  and  there  ?s  *"o  reason  what- 
ever for  any  displacement. 
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TELEPHONE  ENGLNEERING. 


BY  J.  J.  CARTY. 


Engineering  may  broadly  be  divided  into  two  classes,  civil 
and  military.  Military  engineering  is  that  which  pertains  to 
the  conduct  of  war  and  is  sufficiently  understood  to  require  no 
description.  Civil  engineering,  as  I  am  now  using  the  term, 
comprehends  all  forms  of  engineering  which  are  conducted 
without  special  reference  to  the  operations  of  war.  Falling 
within  this  definition  of  civil  engineering  we  have  electrical 
engineering,  mechanical  engineering,  telegraph  engineering,  tele- 
phone engineering,  and  some  others.  As  taught  in  colleges, 
however,  and  as  generally  understood,  civil  engineering  is  re- 
stricted and  deals  more  especially  with  that  branch  of  the  art 
which  pertains  to  the  construction  of  bridges,  water  works, 
rf.Ilroads,  harbor  improvements,  and  other  public  works  of  like 
character. 

Inasmuch  as  the  telephone  is  an  electrical  instrument,  and 
inasmuch  as  electrical  phenomena  exert  a  dominating  influence 
in  the  telephone  art,  telephone  engineering  is  classed  as  a 
branch  of  electrical  engineering,  although  it  will  be  shown  as  I 
proceed  that  telephone  engineering  comprehends  important 
elements  not  at  all  electrical  in  their  character;  indeed,  it  is  a 
recognition  of  the  existence  of  these  elements,  and  a  knowledge 
of  how  to  deal  with  them  adequately,  that  constitutes  one  of 
the  important  requirements  of  telephone  engineering.  A  good 
knowledge  of  electrical  laws  and  a  fair  acquaintance  with  elec- 
trical machinery  may  be  gained  in  our  electrical  schools;  and 
graduates  from  them  are,  as  a  rule,  proficient  in  these  matters. 

Telephone  engineering  comprehends  not  only  these,  but  other 
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factors,  the  existence  of  which  is  not  generally  recognized.  In 
this  paper  I  shall,  owing  to  the  limitations  of  the  time  at  my 
disposal  to-night,  attempt  to  explain  the  nature  of  only  some 
of  these  factors,  indicating  their  most  important  bearing  upon 
the  general  subject.  From  your  own  knowledge  you  will  be 
able  to  supply  many  more  instances,  illustrating  perhaps  better 
than  those  which  I  have  chosen,  the  ideas  which  I  wish  to 
make  plain. 

To  describe  the  proper  scope  of  telephone  engineering  in  its 
relation  to  the  telephone  industry'-  is  to  consider  the  functions 
of  the  telephone  engineer.  Not  so  many  years  ago  it  was  thought 
that  the  functions  of  the  telephone  engineer  consisted  of  doing 
little  more  than  to  provide  and  install  switchboards.  He  was 
supposed  to  be  consulted  occasionally  about  the  station  appar- 
atus, and  later,  when  cables  were  introduced,  his  activities 
were  extended  so  as  to  include  the  testing  of  cable  after  it  had 
been  bought  and  laid. 

At  the  time  of  which  I  speak,  telephone  companies  took  al- 
most an  exclusively  switchboard  view  of  the  telephone  business. 
A  building  would  be  selected  by  someone  connected  with  the 
company,  and  the  engineer  would  be  consulted  principally 
as  to  the  type  of  switchboard  and  the  placing  of  it  in 
position.  The  size  and  location  of  the  building,  its  relation 
to  the  existing  and  probable  future  subscribers,  and  all  of  the 
vast  number  of  other  factors  now  considered  so  vital  in  deter- 
mining such  matters,  received  but  scant  consideration.  So  it 
was  with  cables;  whether  the  cable  should  contain  wires  of 
No.  22,  No.  19,  or  No.  IC  gauge;  whether  the  insulation  should 
be  of  cotton,  rubber,  or  gutta  percha — these  were  questions 
which  were  as  likely  to  be  settled  by  the  purchasing  agent  as 
by  the  engineer. 

To  one  acquainted  with  the  conditions  of  those  times  this 
is  not  at  all  surprising,  because  the  telephone  engineer  of  that 
period  shared  with  all  of  the  rest  of  the  world  the  then  pre- 
vailing ignorance  concerning  matters  which  have  since  been 
proved  by  laborious  investigations  to  be  governed  by  well 
established  laws,  the  nature  of  which  was  then  unknown. 

The  proper  status  of  telephone  engineering  and  the  true  scope 
of  the  telephone  engineer  differ  as  greatly  from  this  primitive 
view  as  does  the  modem  telephone  system  differ  from  that 
which  obtained  in  the  period  about  which  I  have  just 
spoken. 
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I  shall  endeavor  to  give  a  correct  view  of  the  true  scope  of 
lelephone  engineering  and  to  do  so  I  shall  broadly  discuss  a 
typical  problem  in  telephone  management,  illustrating  the 
various  points  I  wish  to  make  by  reference  to  certain  details 
which  will  be  considered  in  connection  with  the  problem  chosen. 

Let  us  take  the  case  of  New  York  City,  with  the  suburban 
territory  tributary  to  it,  and  assimie  that  it  is  the  intention  of 
the  telephone  company  to  install  within  that  territory  a  tele- 
phone system  which  will  work  at  a  proper  degree  of  efficiency 
and  at  the  same  time  yield  to  the  investor  a  fair  return  upon 
his  investment ;  and  that  it  is  necessary  not  only  that  this  con- 
dition should  exist  during  the  first  stages  of  the  project,  but 
that  the  imdertaking  should  be  so  managed  that  this  condition 
will  be  maintained  indefinitely.  With  such  a  problem  be- 
fore the  telephone  management,  what  part  of  it  should 
the  telephone  engineer  be  required  to  work  out?  I  shall 
answer  this  question  by  describing  in  general  terms,  and  some- 
times, for  the  purposes  of  illustration,  in  considerable  detail, 
what  should  be  the  work  of  the  telephone  engineer,  in  such  a 
case. 

The  first  question  which  the  engineer  must  decide  is,  what 
is  the  period  for  which  such  construction  as  may  be  required 
should  be  planned?  This  is  a  question  of  far-reaching  im- 
portance and  requires  for  its  answer  that  a  vast  amount  of 
data  should  be  collected,  and  that  careful  and  long-continued 
study  and  investigation  should  be  given  to  a  large  number 
of  factors.  Among  the  things  to  be  studied  and  investigated 
are:  first  cost  and  character  of  construction  of  the  diverse  por- 
tions of  a  plant  of  such  complicated  nature;  annual  charges, 
such  as  maintenance,  depreciation,  and  interest;  and  local 
conditions  bearing  upon  the  possibility  of  the  renewal  or  ex- 
tension at  some  future  time  of  all  of  the  elements  of  the  plant. 

In  addition  to  this,  due  regard  must  be  paid  to  possible 
changes  in  the  art  and  also  to  the  fact  that,  owing  to  the  ex- 
igencies of  the  business,  many  cases  arise  where  it  is  necessar}' 
to  carry  out  at  the  beginning,  especially  in  underground  work, 
all  of  the  construction  which  may  ever  be  needed. 

At  the  outset  the  question  of  the  period  for  which  to  plan 
depends  upon  the  expectations  of  growth.  With  a  given  ex- 
pectation of  growth,  the  engineer,  by  taking  into  account  all 
of  the  factors  of  the  case,  and  balancing  the  annual  charges 
resulting  from  the  initial  investment  against  the  cost  of  recon- 
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St  ruction  and  rearrangement  of  the  plant  at  some  future  time, 
arrives  at  the  economical  period  for  which  to  plan. 

In  this  work  the  predictions  as  to  growth  are  of  the  first 
importance  and,  inasmuch  as  accurate  predictions  of  this  kind 
are  attended  with  the  greatest  difficulty,  it  is  essential  that 
not  only  the  judgment  of  the  engineer,  but  that  of  the  business 
management,  and  all  others  who  might  be  able  to  advise  in 
connection  with  the  matter,  should  be  obtained. 

At  this  stage  of  the  work  it  is  of  the  utmost  importance  that 
the  bearing  of  these  estimates  of  growth  upon  the  future  of 
the  plant  should  be  thoroughly  understood  by  the  business 
management,  whose  functions,  in  the  nature  of  the  case,  exer- 
cise such  a  profound  effect  upon  the  extent  and  character  of 
such  growth.  It  is  the  duty  of  the  engineer  to  make  this  point 
clear  and  to  obtain  from  the  business  management  serious  and 
responsible  estimates  of  future  growth. 

The  number  of  lines  which  may  be  expected  having  been 
agreed  upon,  the  question  of  for  how  long  a  period  ahead  we 
should  plan  is  determined  by  a  number  of  circumstances. 
For  such  conditions  as  obtain  at  New  York,  the  period  for  much 
of  the  construction  has  been  found  to  be  from  17  to  20  years. 
This  figure  is  arrived  at  by  taking  into  account  a  large  ntunberof 
factors,  such  as:  the  life  of  the  central-office  switchboard,  which 
is  placed  at  about  15  years;  the  relative  costs  of  placing  in  the 
subways  a  large  number  of  ducts  initially  as  compared  with 
adding  new  ducts  after  a  period  of  about  20  years;  the  uncer- 
tainty regarding  the  changes  in  the  state  of  the  art;  and  the 
difficulty  of  foretelling  with  sufficient  detail  conditions  which 
are  expected  to  obtain  during  a  period  so  far  ahead  as  20  years. 

In  the  case  chosen  for  illustration,  which  was  New  York, 
the  economical  period  was  foimd  to  be  about  20  years,  and  it 
was  attempted  to  plan  for  conditions  which  would  obtain  in 
the  year  1920  and  for  each  year  up  to  that  date.  The  total 
ntunber  of  lines  to  be  provided  for  in  the  island  of  Manhattan 
is  300  000.*  The  working  out  of  the  general  plans  for  providing 
for  this  number  of  lines,  which  it  was  expected  would  be  reached 
by  the  year  1920,  constitutes  what  is  known  as  the  **  300  000- 
line  study."  To  give  an  idea  of  the  nature  of  part  of  the 
work  of  the  telephone  engineer,  I  shall  outline  in  general  terms 
the  character  of  this  study. 

Having  determined  upon  300  000  lines  as  the  proper  fotmda- 
tion  of  the  study,  and  having  received  the  proper  authorization 

*Th'is  figure  was  substantially  modified  as  the  study  progressed. 
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from  the  btisiness  management  to  proceed  on  that  basis,  the 
next  step  is  to  plot  on  a  map  the  probable  distribution  of  these 
lines.  This  is  done,  not  by  giving  the  location  of  each  line,  but 
by  indicating  by  blocks  the  most  probable  distribution.  Here 
again  the  judgment  of  the  engineei*  must  be  assisted  and  di- 
rected by  the  business  management,  for  next  in  importance  to 
determining  the  total  ntmiber  of  lines  to  be  provided  for  comes 
the  question  of  their  distribution. 

The  number  and  distribution  of  lines  having  been  agreed 
upon,  the  next  step  is  to  determine  the  number  and  arrangement 
of  central-office  districts,  the  size  and  boundaries  of  these  dis- 
tricts and  the  size  and  location  of  the  central-office  switch- 
boards. 

It  is  conceivable,  although  obviously  impracticable,  that  all 
of  the  300  000  lines  might  be  extended  to  one  central  office 
and  operated  in  switchboards  there;  it  is  only  necessary  to 
state  such  a  proposition  to  exclude  it  from  further  considera- 
tion. On  the  other  hand,  it  is  conceivable  that  a  central  office 
might  be  established  in  each  block ;  this  also  is  absurd  and  needs 
no  further  consideration.  Somewhere  between  these  two  ex- 
tremes must  lie  the  most  economical  size  and  number  of  central 
offices.  The  next  stage  in  the  problem  is  to  determine  this 
number;  to  do  this  no  formula,  simple  or  otherwise,  is  available. 
The  only  practicable  method  is  to  lay  out  the  territory  to  be 
served,  in  accordance  with  a  number  of  different  arrangements 
of  districts  and  centres,  starting  in,  say,  with  10  centres  and 
extending  the  study  up  to  as  many  as  30  or  40,  or  even  more. 
In  the  case  of  all  these  arrangements  there  would  be  certain 
elements  of  cost  which  would  not  be  changed  by  the  different 
arrangements  of  central  offices  assumed.  Block  wiring  and 
station  instruments  are  examples  of  these.  These  elements  of 
cost  are  omitted  from  the  comparison.  All  of  the  items  of 
cost,  however,  which  vary  with  the  different  number  and 
arrangement  of  central  offices,  are  computed,  all  of  these  being 
reduced  to  annual  charges. 

From  these  figures,  as  applied  to  the  various  layouts,  the 
nvimber  of  central  oilfices  and  the  districts  which  are  ideally 
most  economical  may  be  seen.  I  say  ideally  most  economical 
for  the  reason  that  the  practical  application  of  such  results 
requires  that  a  difficult  and  very  complicated  adjustment  of 
the  existing  plant,  to  conform  as  nearly  as  possible  to  the 
ideal  condition,  must  be  carried  out. 
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While  it  must  appear,  even  from  the  brief  statement  of  the 
steps  of  the  study  thus  far  described,  that  a  vast  amount  of 
labor  and  computation  are  involved,  it  by  no  means  represents 
all  that  must  be  done.  Before  there  can  be  made  a  com- 
parison of  the  relative  economies  of  the  various  groups  of  offices, 
a  series  of  studies  within  studies  must  be  carried  out  upon 
many  other  important  elements  of  the  problem. 

The  first  of  these  is  the  switchboard  study.  Before  the 
switchboard  study  can  be  made,  general  methods  of  operating 
must  be  agreed  upon :  such  as  the  method  of  handling  toll  busi- 
ness, whether  it  shall  be  done  wholly  upon  a  toll  board  or  partly 
upon  a  toll  board  and  partly  direct  from  "A"  positions; 
whether  it  shall  be  done  wholly  upon  a  '*  two-number  '*  basis 
or  substantially  upon  a  **  particular  party  '*  basis.  The  best 
method  of  handling  local  business  must  be  determined.  It 
must  be  decided  whether  the  business  shall  be  upon  call  wires, 
or  otherwise ;  what  shall  be  the  capacity  of  the  call  wire ;  what 
shall  be  the  load  which  will  be  assigned  to  the  various  oper- 
ators in  the  system,  this  in  turn  being  dependent,  among  other 
things,  upon  the  character  of  the  service  which  it  is  neces- 
sary to  render. 

Having  agreed  upon  these  and  other  fundamental  data,  the 
question  of  the  best  type  of  switchboard,  whether  it  shall  be 
full  multiple  or  partial  multiple,  whether  it  shall  be  of  the 
transfer  type  or  otherwise,  must  be  settled.  The  limit,  so  far 
as  size  is  concerned,  of  the  multiple  board,  or  any  other  type 
which  may  be  considered,  must  be  determined.  Also  there 
must  be  settled  a  very  large  number  of  questions,  cropping 
out  at  every  turn,  involving  maintenance  and  operating  ex- 
penses and  methods.  All  of  these  factors  having  been  duly 
weighed,  the  maximum  size  and  type  of  switchboard  is 
found. 

The  switchboard  determinations  having  been  made,  the  t)rpe 
of  cable  to  be  employed  must  be  settled  upon.  Here  again  a 
series  of  studies  is  necessary.  Of  first  importance  in  the  cable 
study  is  the  determination  of  the  standard  of  transmission 
which  is  to  be  employed,  not  only  for  talk  between  offices 
within  a  zone  such  as  Manhattan  Island,  but  also  the  standard 
of  transmission  which  it  is  necessary  to  maintain  between 
Manhattan  Island  and  the  suburbs  and  between  various  points 
in  the  suburbs  passing  through  Manhattan,  and  to  long-distance 
points.     The    importance    of   this    determination    will   appear 
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when  we  consider  the  standard  already  adopted  as  the  Man- 
hattan standard,  which  is,  assuming  the  use  of  the  present 
common-battery  apparatus,  that  the  cable  employed  in  Man- 
hattan shall  at  all  times  be  such  that  it  will  give  in  the  worst 
case  a  talk  as  good  as  could  be  obtained  between  two  central 
offices  joined  by  a  tnmk  cable  of  10  miles  of  the  standard  type 
having  the  No.  19  gauge  conductors,  with  a  mutual  capacity  of 
0.07.  If  this  standard  were  lowered  so  as  to  employ  the  use 
of  No.  22  gauge  cable  instead  of  No.  19,  it  would  permit  the  use 
of  a  trunk  cable  costing  half  as  much  as  that  required  by  the 
present  standard,  thus  reducing  the  number  of  ducts  required 
and  in  that  way  substantially  affecting  the  results  of  the  study. 

In  considering  the  type  of  cable  to  be  employed,  not  only  must 
the  standard  of  transmission  be  borne  in  mind,  but  in  deter- 
mining upon  the  specifications  for  the  various  types  of  cable 
needed  a  long  series  of  special  studies  is  required.  These  are 
conducted  with  a  view  of  ascertaining  that  form  of  con- 
struction which  in  each  case  will  give  the  highest  standard  of 
transmission  and  at  the  same  time  preserve  the  b  st  mechanical 
conditions  needed  for  hauling  the  cable  in  and  out  of  the  duct, 
and  also  be  so  constructed  electrically  and  mechanically  as  to 
require  a  minimum  of  attention  from  the  maintenance  point  of 
view.  Not  only  must  the  various  types  of  cable  be  carefully  fixed 
upon  when  considered  strictly  from  the  cable  point  of  view, 
but  where  suburban  and  long-distance  circuits  are  to  be  con- 
sidered the  problem  of  loading  cables  presents  itself.  This 
involves  so  much  work  and  study  that  to  give  even  a  brief 
outline  of  what  it  involves  would  require  a  paper  which  itself 
would  extend  far  beyond  the  limits  of  the  time  allotted  for  this 
very  general  statement  of  the  case. 

The  general  features  of  the  study  having  been  determined 
upon,  and  the  time  having  arrived  to  erect  a  given  central 
office  at  a  centre  previously  located,  the  question  of  obtaining 
the  necessary  real  estate  and  erecting  the  central  office  building 
presents  itself.  In  such  cases  it  is  usually  impossible  to  obtain 
the  desired  property  exactly  at  the  ideal  centre.  Practical  real 
estate  conditions  must  be  met  and,  of  the  various  parcels  of 
property  offered,  that  is  chosen  which,  taking  into  account  all 
of  the  circumstances  of  the  case,  results  in  the  lowest  annual 
charges.  The  distance  of  a  given  site  from  the  main  subways, 
the  character  of  the  neighboring  buildings,  the  price  at  which 
the  property  can  be  obtained,  the  po^^sibility  of  reconstructing 
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the  existing  building  which  may  be  upon  the  property,  or  the 
necessity  of  removing  it  and  erecting  a  new  one,  and  other 
similar  points— all  these  have  to  be  carefully  worked  out  before 
a  report  can  be  made  to  the  management  setting  forth  the  most 
economical  land  to  purchase. 

In  other  words,  before  even  the  land  is  bought  a  study  must 
be  made  of  a  telephone  building  which  might  be  erected  upon 
it.  Inasmuch  as  in  nearly  every  case  many  different  proper- 
ties must  be  considered,  studies  for  several  different  buildings 
must  be  carried  out  before  the  best  combination  can  be  de- 
termined. After  these  matters  have  been  decided  upon,  the 
details  of  construction  of  the  building  must  be  further  studied. 
This,  as  can  readily  be  understood,  naturally  involves  a  large 
amount  of  engineering  work. 

Thus  far  I  have  hastily  sketched  the  outlines  of  a  telephone 
development  study  as  it  is  more  particulariy  concerned  with 
the  local  plant;  but  as  the  local  plant  must  be,  as  time  goes 
on,  more  and  more  intimately  connected  with  neighboring  plants 
in  the  suburbs,  and  with  more  distant  plants  reached  by  long- 
distance wires,  most  careful  study  must  be  given  to  the  best 
methods  of  establishing  proper  relations  with  those  plants. 

Without  attempting  to  outline  in  any  detail  the  nature  and 
extent  of  the  work  involved  in  the  methods  employed  in  making 
a  suburban  toll-line  study,  and  without  going  at  all  into  the 
question  of  methods  of  establishing  the  service  to  long-distance 
points,  I  will  say  that,  considering  the  broad  features  of  these 
various  classes  of  conditions,  it  has  been  found  best,  in  the 
particular  case  which  I  have  taken  for  my  example,  to  divide 
the  telephone  business  into  three  classes;  local,  suburban,  and 
long  distance. 

In  determining  what  shall  constitute  the  local  class  the  engi- 
neer finds  himself  engaged  in  a  ^problem  of  great  magnitude 
which  primarily  concerns  the  business  management  and  which 
is  affected  by  important  public  and  economic  considerations  as 
well  as  by  engineering  factors  and  methods.  If  the  local  zone 
is  made  too  extensive  it  greatly  increases  the  magnitude  of 
the  trunk-line  plant  from  which  no  toll  revenue  can  be  derived. 
This  fact  reacts  upon  the  rates  in  such  a  manner  as  to  make 
it  impossible  to  give  as  low  a  station  rate  as  might  otherwise 
be  the  case.  This  tends  to  n^strict  the  growth  of  stations 
and  hence  will  act  as  a  check  upon  the  growth  of  the  business 
at  large. 
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The  local  zones  having  been  established,  it  mvist  next  be  de- 
cided what  shall  be  the  limits  of  the  zones  of  suburban  business, 
and  what  shall  be  classed  as  long-distance  business.  Without 
attempting  to  explain  the  various  points  necessary  to  be  taken 
into  accoimt  in  determining  these  questions,  I  will  say  that  they 
involve  not  only  those  physical  factors  ordinarily  considered 
to  constitute  engineering,  but  also  the  methods  of  call- 
ing which  may  be  permissible  on  the  part  of  the  subscriber; 
the  entire  system  of  toll  rates  which  should  be  adopted  by  the 
telephone  company;  the  question  of  what  subscribers*  names 
and  numbers  should  be  listed  in  the  telephone  directory,  and 
how  they  should  be  listed;  and  other  questions  of  a  similar 
nature. 

When  I  review  the  outline  of  the  methods  and  magnitude  of  a 
telephone  development  study,  which  I  have  here  briefly  sketched, 
I  am  not  surprised  that  some  who  have  only  superficially  con- 
sidered the  subject  are  inclined  to  doubt  the  value  of  results  ob- 
tained in  this  way.  This  feeling  is  strengthened  when  they 
consider  the  nature  of  some  of  the  fundamental  data  upon 
which  all  of  the  work  rests.  For  instance,  unless  there  is 
made  a  fairiy  correct  forecast  of  the  probable  growth  of  sub- 
scribers' lines  for  a  period  of  15  or  20  years  in  advance,  it  is 
clear  that  substantial  errors  will  be  made;  but  more  than  this, 
it  is  necessary  not  only  to  forecast  the  total  number  of  lines 
expected,  but  their  location  must  be  determined  within 
limits.  But  this  is  by  no  means  all.  Not  only  must  the  loca- 
tion of  the  lines  be  decided  upon,  but  the  number  of  calls  per 
day  which  may  be  expected  over  each  line  must  be  estimated 
not  only  must  the  number  of  calls  which  are  expected  b. 
determined,  but  the  time  of  the  day  during  which  these 
calls  may  be  expected  must  be  arrived  at  in  some  manner. 
Even  more  than  this  must  be  done,  because  it  is  necessary 
not  only  to  know  all  of  these  facts,  but  also  it  must  be  known 
where  the  calls  arc  to  go;  we  must  alsj  know  what  proportion 
of  these  are  likely  t®  be  toll  calls,  what  pn)])ortion  long-distance 
calls.  Various  other  factors  of  like  nature  must  be  deter- 
mined. 

There  can  be  no  doubt  that  telephone  development  as  thus 
viewed,  and  as  correctly  viewed,  presents  abundant  o])portuni- 
ties  for  errors,  and  that  such  errors  must  lead  to  expenditures 
of  large  sums  of  monev,  which,  if  infallible  data  were  obtained, 
would  not  be  required. 

But   conceding  all   this,    what    is    the     altemiitive     me\,\\o(V 
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which  can  be  followed?  If  we  are  to  abandon  the  method  of 
study  herein  described,  what  shall  be  substituted  for  it?  By 
what  plan  shall  we  proceed  which  will  enable  us  to  arrive  at 
a  more  economically  constructed  system?  What  method  shall 
we  adopt  which  will  enable  us  to  proceed  without  answering 
such  questions  as  those  which  the  present  method  of  study 
tmdertakes  to  answer?  It  is  obvious  that  what  are  erroneously 
called  *'  common-sense  *'  methods  might  be  employed.  Build- 
ings might  be  erected  in  various  locations  in  a  city,  chosen 
after  an  inspection  of  the  region;  they  might  be  substantially 
constructed  and  provided  with  switchboards.  These  buildings 
might  be  joined  together  by  subways,  and  in  the  subways  cables 
could  be  located.  Suburban  and  long-distance  trunk-line  sub- 
ways might  also  be  constructed,  and  there  is  no  doubt  that 
according  to  such  a  plan  telephone  business  could  be  carried 
on.  But  have  we,  after  all,  in  following  this  method,  avoided 
answering  any  or  all  of  the  questions  with  which  the  study  under- 
takes to  deal?  Most  certainly  we  have  not,  and  while  it  might 
not  be  appreciated,  every  step  taken  in  this  so-called  common- 
sense  method  really  makes  a  direct,  though  unconscious  and 
unintelligent,  answer  to  all  of  the  questions  propounded  and 
dealt  with  in  the  formal  study. 

If,  following  this  common-sense  method,  it  is  decided  to  erect 
at  a  given  location  a  central-office  building  with  a  switchboard 
of  a  given  size,  this  office  must  be  intended  to  serve  a  district  of 
some  definite  size.  If,  as  would  of  course  be  the  case,  other  cen- 
tral-office buildings  are  erected  at  other  locations,  they  too  must 
be  constructed  with  reference  to  fixed  districts,  and  their  number 
must  be  determined  with  reference  to  the  expected  growth  in  sub- 
scribers; so  that,  after  all,  the  magnitude  of  the  expected  growth 
is  a  factor  which  is  unconsciously  dealt  with.  But  in  deter- 
mining upon  the  size  of  the  switchboard  and  its  construction, 
whether  we  realize  it  or  not,  a  definite,  though  unwitting,  answer 
is  made  to  the  questions  of  what  shall  be  the  rate  of  calling, 
what  shall  be  the  destination  of  the  calls,  what  shall  be  their 
character,  and  at  what  time  they  shall  occur.  The  switchboard 
and  building  must  be  planned  for  some  set  of  conditions  which 
can  be  established  only  by  data  of  this  character.  Merely 
ignoring  these  questions  and  erecting  the  switchboard  and 
arranging  central  offices  without  making  a  study  does  not 
avoid  answering  the  questions,  for  by  the  construction  carried 
out  a  direct  and  unequivocal  answer  to  all  of  these  questions 
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is  made,  yet  without  giving  consideration  to  any  of  them  or 
even  recognizing  their  existence. 

So  it  is  with  subway  construction.  It  is  easy  enough,  after 
central  offices  have  been  located,  to  plan  for  a  subway  joining 
those  offices,  but  somebody  must  answer  the  question  as  to  how 
many  ducts  shall  be  provided  in  this  subway.  This  can  be 
done  by  the  method  outlined  in  describing  the  study,  or  it  can 
be  determined  at  the  time  by  somebody  who  is  opening  the 
streets.  It  may  be  done,  on  the  one  hand,  by  engineers  after 
careful  study  with  all  of  the  facts  before  them,  and  after  having 
analyzed  the  statistics  of  the  past  and  having  exhausted  all 
possible  methods  of  throwing  light  upon  the  subject;  or  it 
may  be  done  by  the  man  in  the  street  with  a  pickax.  Those 
who  would  follow  the  pickax  method  would  not  avoid  ques- 
tions which  the  engineer  has  recognized  and  has  imdertaken 
to  answer.  They  would,  by  the  number  of  ducts  they  would 
put  down  and  by  the  character  and  magnitude  of  the  other 
construction,  give  their  answer  to  all  of  these  questions  without 
having  considered  any  of  them.  As  to  which  of  these  two 
methods  shall  be  followed,  each  telephone  company  must  de- 
cide. 

Thus  far  in  my  outline  of  that  part  of  the  telephone  engi- 
neer's duties  which  pertain  to  development  studies,  I  have 
dealt  more  particularly  with  the  physical  features  of  the 
work.  Ordinarily,  engineering  has  to  do  principally  with 
physical  factors,  but  telephone  engineering  has  not  only  to 
deal  with  physical  factors  of  the  utmost  complexity,  but  it 
has  also  to  deal  with  commercial  questions  which,  of  them- 
selves, would  seem  to  be  only  remotely  connected  with  the  work 
of  the  telephone  engineer,  yet  which  really  vitally  affect  it. 
Telephone  engineering  presents  more  factors  of  this  nature 
than,  I  think,  are  to  be  found  in  many  other  branches.  Take 
the  case  of  a  civil  engineer  who  has  before  him  the  problem 
of  constructing  a  masonry  dam.  This  presents  an  instance 
involving  solely  physical  factors.  The  stability  of  the  dam  or 
its  capabilities  of  impounding  the  necessary  amount  of  water 
are  in  no  way  affected  by  any  action  which  the  board  of  directors 
of  the  water  works  company  may  take  with  reference  to  its 
dealings  with  their  customers. 

■  It  is  not  so  with  telephone  engineering  for,  as  I  will  presently 
show,  a  telephone  toll  line  and  switchboard  system  might  be 
designed  in  accordance  with  the  highest  state  of  the  art  and 
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constructed  so  as  to  give  the  best  efficiency  and  yet  by  the 
action  of  the  business  management,  causing  the  adoption  of 
what  might  seem  to  be  a  reasonable  commercial  practice,  the 
operativeness  of  the  switchboard  system  might  be  totally  de- 
stroyed. This  idea  will  be  readily  comprehended  when  we 
consider  what  would  happen  to  the  present  toll  board  at  Cort- 
landt  Street,  operating  on  the  recording  basis,  using  the  two- 
number  method  of  calling,  if,  by  some  change  in  business 
plans,  the  particular-party  method  in  use  extensively  m  many 
other  localities  were  adopted.  Only  a  brief  consideration  of 
this  case  is  required  to  show  that,  in  addition  to  the  present 
recording  operator,  a  second  set  of  operators  would  have  to 
be  employed,  who  would  be  required  to  call  up  the  subscriber 
desiring  the  toll  connection  and  obtain  from  him  the  details 
of  his  call.  The  adoption  of  such  a  method,  while  in  itself 
a  wasteful  and  inefficient  one,  would,  in  the  case  I  have  chosen, 
require  the  radical  reconstruction  of  the  entire  toll-board  plant. 
More  than  this,  the  adoption  of  such  a  method  would  render 
it  impracticable  to  follow  the  direct-line  tnmking  method 
which  is  now  possible  by  the  use  of  the  two-nimiber  plan  of 
calling.  The  abandonment  of  this  method  would  require  that 
such  toll  lines  be  handled  from  toll  boards.  The  magnitude 
of  the  revolution  which  this  would  make  in  the  engineer's 
plans  will  be  seen  when  I  say  that  whereas,  by  the  two-nimiber 
method,  one  toll  board  occupying  one  floor  of  the  Cortlandt  Street 
exchange  is  sufficient,  there  would  be  required,  if  the  particular- 
party  method  were  employed  exclusively,  as  many  as  five  or  six 
toll  boards  occupying  five  or  six  floors  in  the  Cortlandt  Street 
btiilding,  and  requiring  five  or  six  tin.es  as  many  operators 
for  their  working.  This  is  one  of  the  best  examples  which 
could  be  given  as  showing  the  peculiar  relation  which  obtains 
between  telephone  engineering  and  the  business  management 
of  telephone  companies. 

Another  example,  perhaps  even  more  far-reaching  in  its 
effect  upon  the  work  of  the  engineer,  is  the  question  of  whether 
the  telephone  company  shall  charge  for  its  service  on  the 
flat-mte  plan,  or  by  messages  as  is  now  generally  the  case  in 
this  neighborhood. 

Under  the  fiat-rate  method  of  charging,  in  large  cities,  the 
more  times  the  customer  uses  his  telephone  during  the  day 
the  greater  is  the  expense  to  the  telephone  company.  This 
is  due  not  only  to  the  increased  number  of  operators  required. 
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but  also  to  the  increased  switchboard  sections  needed  for 
them,  and  to  the  increased  trunk-line  plant.  By  the  method 
of  flat-rate  charging  there  is  no  motive  for  the  telephone  com- 
pany to  encourage  an  increase  in  the  number  of  calls.  For 
this  reason  a  flat-rate  plan  would  have  to  be  so  engineered,  and 
the  rates  would  have  to  be  so  established,  that  extension  sta- 
tions, desk  stands,  and  other  auxiliaries  tending  to  make  ^he 
use  of  the  telephone  easy  and  therefore  more  frequent,  must 
be  discouraged. 

The  existence  of  the  flat-rate  in  such  cases  would  not  only 
be  attended  by  all  of  these  consequences,  but  many  others, 
one  of  which  in  particular  is  of  great  importance.  I  refer  to 
the  excessive  use  of  the  subscribers*  line  which  such  a  rate  en- 
genders. The  consequence  of  this  excessive  use  is  that  the 
busy  calls  attain  such  serious  proportions  that  it  is  difficult, 
if  not  absolutely  impossible,  to  give  satisfactory  service.  This 
trouble  from  busy  calls  has  at  times  attained  such  serious  pro- 
portions that  engineers  in  various  places  have  exerted  extra- 
ordinary efforts  to  mitigate  the  evil,  but  without  success.  This 
difficulty  having  been  caused  by  commercial  methods  could  not 
be  overcome  by  the  engineer  employing  physical  methods. 
The  solution  of  this  difficulty  lay  with  the  business  management, 
and  consisted  in  the  adoption  of  a  proper  system  of  message 
rates.  Once  such  a  method  was  put  into  force  all  of  these 
difficulties  which  I  have  enumerated,  as  pertaining  to  the  flat- 
rate,  and  many  others  which  I  have  not  taken  the  time  to  ex- 
plain, disappeared. 

While  engineers  were  endeavoring  to  plan  systems  in  accord- 
ance with  the  flat-rate  method,  certain  difficulties  were  encoun- 
tered at  every  hand.  As  soon  as  the  message-rate  system  was 
adopted  all  of  these  difficulties  disappeared,  and  many  positive 
advantages  not  even  suspected  as  residing  in  the  message-rate 
plan  developed.  Under  the  fiat-rate  system  there  was  every  temp- 
tation for  the  subscriber  to  send  as  many  calls  as  possible  over 
one  line.  This,  as  I  have  already  stated,  resulted  in  overcrowding 
the  line  and  was  attended  by  bad  reactions  of  every  kind. 
Those  having  but  small  use  for  a  telephone  could  not  afford 
to  pay  the  high  fiat-rate  which  that  method  of  working  made 
it  necessary  for  the  telephone  company  to  charge.  The  conse- 
quence of  this  was  that  only  those  having  a  large  number  of 
calls  installed  a  telephone,  and  those  having  small  use  of  the 
telephone  made  it  a  practice  to    use  the  telephones  of  their 
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neighbors  or  did  not  employ  the  telephone  at  all.  This  prac- 
tice on  the  part  of  the  small  user  was  a  natural  one  in  view  of 
the  fact  that  tmder  the  flat  rate  the  telephone  subscriber  con- 
sidered that  it  cost  him  nothing  to  allow  his  neighbor  to  use  his 
telephone.  All  of  this  resulted  in  a  system  largely  composed 
of  overloaded  lines.  Under  the  conditions  obtaining  in  our 
large  cities,  the  relief  of  an  overloaded  line  can  be  obtained 
only  at  the  expense  of  a  second  line,  which  in  most  cases  meant 
doubling  the  cost  of  the  telephone  service.  For  this  and  many 
other  reasons  the  desired  relief  could  not  be  obtained  tmder  the 
flat-rate  system. 

By  introducing  into  the  large  cities  the  message-rate  system, 
and  by  placing  proper  limits  on  the  load  which  should  be 
carried  upon  one  line,  and  by  providing  a  graduated  system 
whereby  additional  lines  could  be  obtained  on  a  basis  propor- 
tionate to  the  amotmt  of  their  use,  relief  from  this  overloadmg 
was  afforded.  More  than  this,  tmder  the  message-rate  system 
it  is  obviously  for  the  interests  of  all  concerned  that  the  use 
of  the  telephone  should  in  every  manner  be  encouraged.  For 
this  reason  it  became  feasible  and  desirable  to  install  as  many 
auxiliary  instruments  as  possible.  This  was  accomplished  by 
pro'^iding  for  those  who  required  two  or  more  lines  a  switch- 
board located  at  the  subscribers'  premises,  this  switchboard 
being  so  constructed  that  as  many  local  stations  as  might  be 
required  cotild  be  installed  at  a  moderate  eqtiipment  charge. 
Each  one  of  these  stations  is  so  equipped  that  it  may  be  con- 
nected with  a  trunk  line  to  the  central  office  or  it  may  be  con- 
nected to  any  of  the  other  local  stations  without  commtmicating 
with  the  central  office.  In  this  way  not  only  were  the  con- 
ditions at  the  central  office  substantially  improved,  but  another 
important  advantage  was  obtained;  talking  between  local 
stations  at  a  local  or  private  branch  exchange  switchboard 
could  be  accomplished  without  any  message  charge,  thus  creat- 
ing an  important  by-product  costing  the  subscriber  practically 
nothing.  This  development  not  only  reacted  upon  the  central 
office  engineering  and  the  general  engineering  of  the  plant,  but 
also  completely  changed  the  state  of  affairs  with  reference 
to  speaking-tube  telephones,  practically  limiting  the  former 
speaking-tube   system  to  special  and  peculiar  conditions. 

Considering  these  two  examples  of  the  method  of  charging 
which  shall  be  followed  upon  toll  lines  and  the  method  of  charg- 
ing which  shall  be  adopted  upon  subscribers*  lines,  it  will  be 


1906.]  CARTY:  TELEPHONE  ENGINEERING,  95 

seen  that  they  affect,  in  a  most  surprising  manner,  the 
work  of  the  telephone  engineer.  So  profotmdly  do  such  con- 
siderations affect  the  proper  engineering  of  the  telephone 
plant  that  it  must  be  said  that  good  telephone  engineering 
cannot  exist  side  by  side  with  a  bad  system  of  rates  or  with 
improper  business  methods  and  organizations.  Nothing  more 
forcible  than  these  examples  needs  to  be  mentioned  in  order 
to  show  the  intimate  relations  between  telephone  engineering 
and  business  management. 

From  time  to  time,  engineering  methods  involving  new  prin- 
ciples are  brought  forth.  These,  when  fotmd  to  affect  the 
methods  of  the  business  office,  should  be  submitted  to  the  busi- 
ness management  with  a  full  and  clear  statement  of  their 
bearing  upon  the  commercial  work  of  the  company.  On  the 
other  hand  there  are,  from  time  to  time,  business  proposals 
and  commercial  methods  which  are  tmder  consideration  by  the 
business  management  of  telephone  companies  and  which,  ap- 
parently, are  only  remotely  or  not  at  all  related  to  engineering. 
In  view  of  the  many  unexpected  and  important  reactions  which 
these  proposals  may  have  upon  the  engineering  of  the  telephone 
plant,  it  becomes  of  the  first  importance  that  they  should  be 
scrutinized  carefully  from  an  engineering  point  of  view,  unless 
it  is  conclusively  apparent  that  they  will  be  without  effect  upon 
the  engineers'  plans. 

Many  other  instances  besides  those  which  I  have  enumerated 
might  be  adduced,  such  as  the  effect  of  the  three-minute  toll 
period  method  of  charging  upon  the  various  features  of  suburban 
trunking  methods ;  and  the  complicated  and  disastrous  reactions 
produced  by  the  introduction  of  many  of  the  party-line  systems. 

Thus  far  I  have  dealt  with  some  of  the  more  general  methods 
of  telephone  engineering,  indicating  briefly  their  nature.  One 
of  the  very  important  features  of  telephone  engineering  con- 
sists in  the  design  and  construction  of  the  varied  machinery 
constituting  the  modem  telephone  central-office  apparatus.  A 
brief  statem<j?/c  therefore,  indicating  the  character  of  the 
work  which  devolves  upon  the  telephone  engineer  in  connection 
with  central-office  design  is  pertinent. 

During  the  past  ten  years,  a  revolution  has  taken  place 
in  the  design  and  construction  of  telephone  switchboards, 
the  magneto  switchboard,  so-called,  having  given  way  to  the 
common-battery  switchboard.  This  radical  change  in  tele- 
phone practice  made  new  demands  upon  the  telephone   engi- 
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neer,  for  it  became  necessary  for  him  to  introduce  into  central- 
office  construction  certain  elements  which  had  theretofore 
been  utilized  principally  in  engineering  work  involving  electric 
light  and  power  installations. 

In  the  magneto  system,  signaling  from  the  subscriber's 
station  to  the  central  office  was  accomplished  by  means  of  a 
small  alternating-current  generator  turned  by  hand,  and  the 
current  supply  needed  in  the  working  of  the  transmitter  was 
obtained  from  a  few  cells  of  primary  battery  located  at  the 
subscriber's  station.  By  the  introduction  of  the  common- 
battery  system  all  of  this  was  changed:  the  magneto  gen- 
erator was  dispensed  with,  as  was  the  primary  battery,  the 
current  supply  for  operating  the  transmitter,  as  well  as  that 
required  to  enable  the  subscriber  to  signal,  being  drawn  from 
a  large  storage-battery  located  at  the  central  office. 

In  the  case  of  a  10  000-line  switchboard,  the  storage-batter>- 
must  be  capable  of  giving  an  average  discharge  of  500  amperes, 
and  to  insure  proper  working  conditions,  it  must  be  capable 
of  giving  a  safe  discharge  as  high  as  2  000  amperes.  For  charg- 
ing such  a  battery  as  this  suitable  machines  must  be  employed, 
and  these  must  be  present  in  duplicate  or  triplicate.  The 
standard  machine  used  for  charging  a  battery  of  this  type 
delivers  1  000  amperes. 

The  introduction  of  currents  such  as  these,  and  the  intro- 
duction of  these  machines  and  of  a  large  number  of  auxiliary' 
machines  generating  currents  for  special  purposes,  has  re- 
sulted in  the  creation  of  a  power  plant  at  each  central  office, 
upon  which  the  operation  of  the  telephone  switchboard  and 
apparatus  is  wholly  dependent.  The  introduction  of  these 
larger  currents  has  necessitated  most  careful  and  refined 
methods  of  fusing  and  protecting  the  delicate  telephone  ap- 
paratus. These  protective  methods,  while  following  the  gen- 
eral principles  of  such  methods  in  electric  light  and  power 
practice,  are  more  refined  in  their  working  and  call  for  a 
hitherto  unattained  degree  of  precision  in  the  manufacture  of 
such  apparatus. 

While  the  storage-batteries  and  auxiliary''  machinery  em- 
ployed in  telephone  power  plants  are  far  from  equalling  the 
magnitude  of  similar  apparatus  employed  in  electric  light 
and  power  stations,  nevertheless  they  have  become  such  a 
vital  element  of  the  successful  engineering  of  a  telephone 
central  office,  that  they  require  on  the  part  of  the  telephone 
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engineer  a  special  knowledge  of  this  branch  of  electrical  en- 
gineering, which  was  formerly  not  requisite.  This  class  of 
apparatus  must  also  be  considered  by  the  telephone  engineer 
in  a  special  manner,  for  not  only  must  it  be  properly  con- 
structed from  the  electric  light  and  power  point  of  view,  but 
peculiar  conditions  must  be  provided  for  on  account  of  the 
association  of  this  apparatus  with  such  a  delicate  instrument 
as  the  telephone. 

Where  a  dynamo  is  to  be  constructed  to  operate  incandescent 
lamps,  let  us  say,  certain  minute  fluctuations  in  the  potential 
of  the  machine  are  permissible.  Were  such  a  machine,  how- 
ever, to  be  used  in  connection  with  telephone  circuits,  these 
fluctuations  in  potential  would  be  sufficient  to  produce  such 
constant  humming  in  the  telephone  as  to  render  it  inoperative. 
Hence  a  greater  refinement  of  the  construction  of  these  ma- 
chines in  this  respect  is  imperative  where  they  are  employed 
in  the  telephone  power  plant. 

So  it  is  with  the  storage-battery.  Where  a  number  of  tele- 
phones are  supplied  by  current  from  one  storage-battery, 
even  almost  infinitesimal  changes  in  the  voltage  of  the  battery 
might  be  propagated  to  the  telephone  lines  connected  there- 
with and  produce  disturbances.  For  this  reason,  storage- 
battery  practice  from  the  telephone  point  of  view  presents 
problems  which  are  different  from  those  encountered  elsewhere. 

One  of  the  interesting  and  important  developments  in  the 
modem  common-battery  switchboards  is  the  extensive  use  which 
has  been  made  of  incandescent  lamps  in  signaling.  Hundreds 
of  thousands  of  these  lamps  are  now  used  for  telephone  sig- 
naling, and  the  requirements  of  the  telephone  art  have  called 
for  special  refinement  in  the  design  and  manufacture  of  these 
lamps. 

While  the  common-battery  switchboards  as  now  used  in  all 
of  the  large  central  offices  represent  a  revolution  in  methods 
as  compared  with  the  magneto  system,  there  are  certain  ele- 
ments formerly  used  in  the  magneto  system  which  have  per- 
sisted. Among  these  is  the  multiple-board  principle.  This 
principle,  as  is  well  known,  consists  in  extending  a  number  of 
lines  to  different  points  in  the  switchboard  so  that  it  is  possible 
•  to  connect  with  them  at  any  one  of  these  points.  The  mul- 
tiple system  is  opposed  to  the  transfer  system,  which  is  one 
wherein  the  lines  are  not  so  extended  or  multipled  to  dilTerent 
points,  but  proceed  directly  to  a  special  location  from  which 
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trunk  lines  extend  to  other  parts  of  the  switchboard,  so  as  to 
provide  for  making  the  necessary  connections.  It  is  safe  to 
say -that  during  the  past  20  years  there  has  been  no  question 
of  switchboard  design  that  has  been  the  occasion  of  so  much 
discussion  and  controversy  as  that  pertaining  to  the  extent 
to  which  the  multiple  principle  should  be  adopted.  It  is 
interesting  to  note  therefore  that  no  type  of  switchboard  of 
any  magnitude  is  now  seriously  considered  which  does  not  in 
a  very  substantial  manner  utilize  this  multiple  principle. 

In  a  self-contained  central  office,  with  relatively  few  trunk 
lines  extending  to  other  offices,  it  is  found  most  economical  to 
multiple  all  of  the  subscribers*  lines  to  each  section  of  switch- 
board. In  very  large  cities  where  a  number  of  central  offices 
are  required  and  where  the  amoimt  of  tnmking  between  the 
different  central  offices  is  relatively  large,  the  advantage  of 
multipling  all  of  the  subscribers*  lines  to  each  section  is  not 
so  apparent  as  in  the  case  of  the  self-contained  office,  and 
this  fact  has  led  many  to  the  conclusion  that  for  such  situations 
multiple  boards  are  not  adapted.  But  this  is  going  further 
than  the  facts  warrant,  for  while  it  is  true  that  the  advantage 
of  multipling  the  subscribers*  lines  to  all  of  the  sections  of  the 
switchboard  becomes  less  and  less  as  the  percentage  of  trunking 
increases,  it  is  still  a  fact  that  the  point  is  never  reached  where 
the  multiple  principle  itself  should  be  entirely  abandoned. 

The  truth  of  this  proposition  may  easily  be  established  by 
assuming  that  in  a  large  city  all  of  the  calls  must  be  trunked, 
and  that  none  of  them  are  local  to  the  office  in  which  they  orig- 
inate. In  such  a  case  as  this  it  is  obvious  that  nothing  could 
be  gained  by  extending  all  of  the  subscribers*  lines  before 
each  of  the  operators.  On  the  other  hand,  it  is  still  essential 
that  the  outgoing  trunk  lines  should  be  extended,  or  multipled, 
before  all  of  the  subscribers*  operators,  and  all  of  the  sub- 
scribers* lines  should  be  multipled  before  the  tnmk  operators. 
While  the  case  of  an  office  without  any  local  calls  is  one  which 
could  not  occur  in  practice,  there  are  situations  in  which  the 
amount  of  local  calls  is  so  small  that  it  will  not  pay  to  mul- 
tiple the  subscribers'  lines  to  all  of  the  subscribers'  operators. 
Just  when  this  point  is  reached  is  a  question  to  be  determined 
in  each  case. 

Thus  far,  the  instances  where  it  has  been  fotmd  possible  to 
omit  this  multipling  of  the  subscribers*  lines  are  few,  but  as 
time  goes  on  the  ntmiber  of  these  cases  must  increase;  but 
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at  no  time,  so  far  as  can  now  be  seen,  will  the  point  be  reached 
where  the  multiple  principle  itself  will  be  abandoned.  Even 
in  the  automatic  switchboards,  which  constitute  one  of  the 
most  interesting  of  the  recent  developments,  the  multiple 
principle  is  fottnd  to  be  essential  to  the  working  of  all  types 
of  automatic  boards  thus  far  proposed,  wherever  the  switch- 
board is  of  any  substantial  magnitude. 

With  reference  to  this  matter  of  automatic  telephone  switch- 
boards, I  may  say  that  such  types  of  apparatus  have  during 
the  past  few  years  become  a  matter  of  great  interest  and  the 
subject  of  much  discussion  among  telephone  engineers,  and  as 
I  have  made  a  number  of  special  investigations  into  this  subject 
I  think  it  would  be  of  interest  if  I  here  briefly  state  some  of 
the  restilts  which  I  have  obtained. 

Upon  a  first  view  of  the  case,  the  idea  of  using  automatic 
machines  and  thus  doing  away  with  the  labor  of  telephone 
operators  appeals  with  much  force,  and  the  wonderful  things 
which  have  been  accomplished  by  labor-saving  inventions 
naturally  come  to  mind.  Among  all  of  these  projects  for 
saving  labor  by  automatic  machines  none  seems  more  won- 
derftd  than  the  little  machine  which,  when  manipulated  by 
the  subscriber,  will  put  him  into  communication  with  anyone 
out  of  thousands  or  tens  of  thousands  of  people  scattered  over 
a  wide  area.  But  in  order  that  an  automatic  telephone  switch- 
board should  be  properly  called  a  labor-saving  machine,  it 
must  accomplish  its  work  at  an  expense  entailing  less  annual 
charges  than  would  be  required  by  the  system  which  it  at- 
tempts to  displace.  If  it  should  be  foimd  that  the  annual 
charges  of  operating  the  automatic  system  were  equal  to  or 
greater  than  the  annual  charges  of  operating  the  manual  sys- 
tem, then  the  automatic  system  would  not  be  a  labor-saving 
one,  and,  considered  from  the  standpoint  of  costs,  would  be  a 
failure.  Whatever  merit  it  would  have,  in  that  event,  must 
be  looked  for  in  some  very  superior  results  in  the  way  of  ser- 
vice. From  these  two  points  of  view,  I  have  considered  the 
merits  of  the  various  automatic  switchboard  systems  which 
have  thus  far  been  installed. 

I  find  that,  taking  into  account  all  of  the  factors  involved, 
and  which  go  to  mak^  up  the  total  annual  charges  which  could 
properly  be  placed  against  the  automatic  switchboard  system, 
on  the  one  hand,  and  the  manual  system  on  the  other  hand, 
leaving  out  of  accoimt  switchboards  suitable  for  use   only  in 
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small  villages  and  making  comparison  up  to  switchboards  of 
10  000  lines  capacity,  that  the  annual  charges  upon  the  auto- 
matic system  are  substantially  greater  than  the  annual  charges 
upon  a  mantial  system  operated  on  the  common-battery  mul- 
tiple plan.  From  the  standpoint  of  costs,  therefore,  the  auto- 
matic system  fails  when  placed  in  competition  with  the  common- 
battery  multiple-board  operated  mantially. 

Having  fotmd  that  the  automatic  system  could  not  success- 
fully compete  with  the  manual  system  in  point  of  costs  and 
anntial  charges,  I  made  a  careful  investigation  to  determine 
whether  the  automatic  system  possessed  any  advantages  of 
working  over  the  manual  system  which  might  compensate 
for  the  extra  annual  charges  which  its  use  necessitates.  For 
this  purpose  there  were  made  about  7  500  service  tests  on 
manual  switchboards  and  automatic  switchboards  operating 
under  practical  conditions  in  different  parts  of  the  country^. 
The  results  of  these  tests  showed  that  the  manual  system 
possessed  a  most  substantially  greater  degree  of  reliability 
than  the  automatic  system.  The  difference  in  speed  of  con- 
nection between  the  two  systems  was  so  small  as  not  to  consti- 
tute a  practical  factor,  the  time  elapsing  between  the  start  of 
the  call  and  the  answer  of  the  called  subscriber  being  in  the 
case  of  the  automatic  system  19.9  seconds  and  in  the  case  of 
the  manual  system  21.7  seconds.  These  figures  include  the 
time  taken  by  the  subscriber  to  answer,  and  even  this  small 
difference  of  time  was  found  to  be  due  to  the  fact  that  the 
subscribers  whose  lines  were  tested  answered  somewhat  quicker 
in  the  automatic  system  than  in  the  manual  system.  It  will 
be  seen,  therefore,  from  these  tests  that  the  automatic  system 
possesses  no  practical  service  advantages  over  the  manual  sys- 
tem and  that  it  contains  no  elements  sufficient  to  warrant  any 
part  of  the  extra  cost  which  its  use  involves.  A  full  considera- 
tion of  the  details  of  the  comparison  of  these  types  of  switch- 
boards would  lead  me  far  beyond  the  limits  assigned  to  this 
paper  and  would  only  result  in  showing  that  the  alleged  advan- 
tage of  doing  away  with  the  operators  at  the  central  office 
imaginary  and  not  real. 

All  of  the  foregoing  relates  to  switchboard  systems  smaller 
than  10  000  lines,  no  automatic  switchboard  of  larger  size 
ha\'ing  been  installed. 

In  order  to  determine  whether  for  systems  larger  than  10  000 
lines  the  automatic  principle  might  be  applicable,  I  made  a 
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study,  assuming  a  system  of  100  000  lines  to  be  equipped  with 
automatic  switchboards,  and  compared  this  with  a  similar 
system  eqtiipped  with  common-battery  multiple  switchboards 
operated  on  the  manual  basis.  Here  again  the  comparison  is 
in  favor  of  the  manual  board,  both  in  point  of  annual  charges 
and  in  respect  to  the  service. 

In  applying  the  automatic  switchboard  to  this  100  000-line 
study,  it  was  necessary  to  leave  out  of  consideration  a  very 
large  class  of  difficulties  which  crop  out  at  every  turn  when  the 
attempt  is  made  to  apply  the  automatic  principle  to  the  com- 
plex conditions  which  obtain  in  and  around  all  large  cities. 
Inasmuch,  however,  as  the  study  showed  that  the  automatic 
system  is  inferior  to  the  manual  system  for  a  100  000-line 
plant,  it  became  unnecessary  to  take  into  account  the  large 
number  of  adverse  factors  which  must  be  charged  against  the 
automatic  plan  of  working.  So  important  are  these  factors 
that  it  is  safe  to  say  that  even  if  the  annual  charges  on  the  auto- 
matic system  were  substantially  less  than  those  on  the  mantial 
system,  they  would  constitute  such  a  serious  objection  to  the 
automatic  system  as  to  bar  its  use. 

Throughout  these  investigations  the  importance  of  retaining 
at  the  central  office  operators  to  receive  and  attend  to  the 
subscribers*  calls  has  been  emphasized  in  so  many  important  and 
unexpected  ways  that  I  have  no  hesitation  in  saying  that  no 
plan  thus  far  employed,  which  requires  that  the  subscriber 
should  operate  a  machine  and  send  his  call  automatically  to 
the  central  office,  can  successfully  compete  with  the  plan  which 
requires  that  the  subscriber  should  remove  the  telephone  from 
the  hook  and  send  the  call  orally  to  an  operator  at  the  centra! 
office. 

Closely  associated  and  interwoven  with  the  design  and  con- 
struction involved  in  telephone  engineering  is  the  matter  of 
the  materials  to  be  used.  To  the  proper  choice  of  material 
as  well  as  to  their  proper  arrangement  in  the  plant,  the  tele- 
phone engineer  must  devote  serious  and  constant  attention. 
All  materials  which  are  permitted  to  form  a  part  of  the  tele- 
phone plant  must  be  carefully  studied  by  the  telephone  engi- 
neer so  as  to  obtain  out  of  all  those  possible  to  use  those 
which  offer  the  best  combination  of  first  cost,  durability,  low 
annual  charges,  and  high  efficiency. 

Considering  the  almost  innumerable  varieties  of  materials 
ased,  all  of  which  must  be  covered  by  standard  specifications, 
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the  work  of  this  branch  of  telephone  engineering,  taken  by 
itself,  would  require  so  much  time  to  describe  tliat  I  will  not 
attempt  to  enter  into  it  in  any  detail,  except  to  say  that  it 
constitutes  one  of  the  important  duties  of  the  telephone  engi- 
neer. 

Intimately  connected  with  this  matter  of  the  choice  of 
material  and  making  the  specifications  therefor  is  the  comple- 
mentary function  of  accepting  or  rejecting  that  which  is 
offered.  The  drawing  up  of  the  specifications  must  be  attended 
to  with  care  so  that  they  may  be  placed  in  the  hands  of 
the  purchasing  agent,  and  be  sufficiently  intelligible  so  that 
any  manufacturer  or  person  skilled  in  the  art  can  tmderstand 
their  purport,  and  supply  without  further  information  the 
articles  desired.  The  drawing  of  such  specifications  is  of 
great  importance,  for  not  only  must  the  article  desired  be 
clearly  described,  but  the  language  used  must  be  such  that 
no  material  other  than  that  desired  can  be  furnished  tmder 
this  specification.  At  the  same  time,  while  every  precaution 
must  be  adopted  in  the  specification  to  exclude  undesirable 
material,  care  must  be  exercised  that  undue  and  exces- 
sive requirements  should  not  be  specified.  Otherwise  the 
cost  of  the  materials  would  be  unnecessarily  increased.  Here, 
as  well  as  at  almost  every  turn  in  the  work  of  the  telephone 
engineer,  there  is  no  safe  side.  If  the  specification  is  made  too 
rigorous,  and  calls  for  material  of  a  quality  in  excess  of  that 
which  is  demanded  by  the  nature  of  the  construction,  loss  will 
result.  On  the  other  hand,  if  the  specification  is  drawn  loosely 
or  so  as  to  admit  inferior  material,  loss  will  result  owing  to 
defective  working  of  the  construction  in  which  such  materials 
would  enter. 

So  far  as  I  have  gone,  I  have  described  the  more  typical 
functions  of  the  telephone  engineer.  In  addition  to  this,  there 
are  constantly  arising  questions  demanding  special  investiga- 
tion. The  range  of  these  questions  is  almost  unlimited,  and 
their  adequate  treatment  requires  most  laborious  and  serious 
effort  on  the  part  of  the  telephone  engineer.  While  their 
range  is  so  extended  as  to  touch  at  some  point  almost  every 
field  of  engineenng  and  scientific  progress,  and  while  the  tele- 
phone engineer  cannot  be  expected  to  be  expert  in  all  depart- 
ments of  scientific  investigation,  he  is  required  to  direct  such  in- 
vestigations, employing,  as  his  judgment  may  dictate,  experts  in 
various  departments  to  report  upon  those  phases  of  the  work 
in  regard  to  which  they  may  be  best  qualified  to  speak. 
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Thus  far  I  have  discussed  the  work  of  the  telephone  engineer 
without  particularly  calling  attention  to  his  relations  to  the 
telephone  organization  at  large.  This  relation  can  best  be 
understood  by  stating  that  the  telephone  engineer  in  every 
well-organized  telephone  company  must,  in  the  first  place, 
broadly  determine  all  of  the  important  features  of  the  plant 
of  the  company,  and  he  must  in  detail  decide  what  shall  be  the 
nature  of  the  construction  and  the  method  of  operation  of  every 
single  item  which  constitutes  the  physical  property  of  the 
telephone  company.  If,  through  defective  design,  a  telephone 
cable  is  found  to  be  ineffective  mechanically  or  electrically, 
it  may  be  said  in  a  properly  organized  telephone  company  that 
the  fault  lies  with  the  telephone  engineer.  If,  through  de- 
fective design,  the  telephone  switchboard  is  found  to  be  un- 
suitable with  respect  to  its  maintenance  or  operation,  the  fault 
lies  with  the  telephone  engineer.  So  on  through  all  of  a  mul- 
titude of  items  which  constitute  a  telephone  system.  If,  in  a 
well  organized  and  well  administered  telephone  company,  the 
plant  is  not  constructed  in  accordance  with  the  best  state  of 
the  art,  the  fault  lies  with  the  telephone  engineer. 

That  this  must  be  so  will  be  made  clear  by  describing  the 
method  which  obtains  in  well  organized  telephone  companies 
of  getting  from  the  board  of  directors  the  necessary  appropria- 
tions for  carrying  out  all  construction  and  reconstruction 
work.  Under  such  conditions  a  development  study  will  have 
been  made  and  will  have  been  approved  by  the  business  manage- 
ment. The  traffic  department  will  have,  from  its  careful 
watching  of  the  extent  of  the  available  facilities,  given  due 
notice  of  the  time  at  which  additions,  changes,  or  renewals 
of  switchboard  facilities  may  be  required,  all  of  which  are 
presumed  to  have  been  contemplated  in  the  broad  plans  al- 
ready approved  by  the  business  management.  The  con- 
struction department  will  have,  from  its  constant  watching 
of  the  available  cable  and  line  facilities,  given  due  notice  of 
such  changes,  renewals,  and  additions  as  may  be  required  in 
these  parts  of  the  plant  to  accommodate  the  growing  business 
and  fit  in  with  the  approved  general  plan.  In  the  case  of  the 
traffic  department,  the  demands  of  the  service  having  been 
thoroughly  studied  by  them  and  the  essential  data  having  been 
supplied  to  the  engineer,  the  necessary  detail  studies,  plans, 
and  specifications  are  prepared  by  him  and  an  estimate  pre- 
pared for  the  work  required.     A  case  will  be  made  out  setting 
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forth  the  nature  of  the  work  and  the  necessity  therefor,  and 
an  estimate  showing  its  cost  and  a  specification  describing  the 
work  in  detail  will  be  submitted  to  the  management,  and  if  in 
proper  form,  it  will  be  duly  approved.  The  estimate  and 
specification  will  then  be  turned  over  to  the  proper  department 
and,  depending  upon  the  nature  of  the  construction,  the  work 
will  be  executed  by  the  telephone  company  itself  or  by  a  con- 
tractor. 

This  work  must  be  supervised,  as  far  as  may  be  necessary, 
by  the  engineer,  and  upon  its  completion  he  must  accept  it 
or  reject  it.  Having  accepted  it  and  having  made  a  report 
to  that  effect  to  the  business  management,  the  transaction  is 
completed.  By  this  acceptance  of  the  work,  the  engineer 
assiunes  full  responsibility  for  its  efficiency. 

So  it  is  with  the  cable  plant,  except  in  this  instance,  as  a 
matter  of  administrative  efficiency,  the  superintendent  of  con- 
struction may  submit  detailed  plans  for  the  extension  to  the 
cable  and  wire  plants,  following,  however,  general  lines  which 
have  already  been  standardized  by  the  engineer.  These  plans 
and  specifications  having  been  accepted  by  the  engineer,  and 
the  work  having  been  passed  through  the  regular  routine, 
the  ultimate  responsibility  rests  in  the  engineer's  office. 

So  it  is  with  other  features  of  the  work.  From  beginning 
to  end,  the  engineer  is  thus  placed  in  a  position  to  exercise 
a  veto  power  upon  any  adverse  methods  which  might  otherwise 
be  allowed  to  creep  in. 

The  carrying  out  of  this  estimate  system  in  this  way  places 
final  responsibility  upon  the  engineer  and  recognizes  in  the 
most  practical  manner  one  of  his  most  important  functions, 
which  is  to  coordinate  the  various  elements  which  must  be  put 
together  in  such  a  manner  as  to  avoid  conflict  and  produce  a 
consistent  symmetrical  organism,  each  part  of  which  will  be 
designed  and  constructed  with  due  reference  to  the  fimctions 
which  it  must  perform  and  also  with  due  regard  to  the  functions 
and  importance  of  all  other  elements  in  the  system. 

The  importance  of  this  coordinating  function  cannot  be 
overestimated  and  it  is  only  at  some  central  point  that  such 
function  can  be  exercised.  Being  judged  from  the  main- 
tenance point  of  view,  a  piece  of  apparatus  might  have  quali- 
ties of  a  high  order;  but  when  considered  with  reference  to  its 
effect  upon  the  traffic,  difficulties  might  be  discovered  which 
would   entirely    overweigh    the    maintenance    advantages.     In 
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such  a  case  the  conflicting  claims  with  respect  to  the  apparattis 
mtist  be  judiciously  considered  by  the  engineer,  and  his  de- 
cision must  be  rendered  with  a  view  to  producing  the  best  net 
result. 

Again,  systems  might  be  proposed  which,  considered  solely 
from  the  maintenance,  construction,  and  traffic  points  of  view, 
might  seem  to  possess  all  of  the  advantages  of  an  ideal  ar- 
rangement; but  when  considered  from  the  standpoint  of  the  effi- 
ciency of  transmission  mijght  be  found  to  involve  an  impair- 
ment of  transmission  on  one  hand  or  such  increase  in  cable 
and  line  costs  on  the  other  hand  as  to  render  its  use  out  of  the 
question. 

In  order  to  exercise  proper  coordinating  functions,  it  is  es- 
sential that  the  engineer  should  be  placed  and  should  maintain 
himself  in  such  relations  with  all  of  the  departments  of  the  tele- 
phone organization  that  he  may  get  from  them  and  fairly  con- 
sider all  of  the  projects  and  ideas  pertaining  to  the  design, 
operation,  construction,  and  maintenance  of  the  plant  which 
naturally  originate  in  such  departments  when  they  are  con- 
ducted with  proper  efficiency. 

Viewed  from  this  standpoint,  it  will  be  seen  that  while  the 
function  of  the  engineer  with  relation  to  the  plant  is  of  the 
utmost  importance,  nevertheless  the  work  of  the  traffic,  main- 
tenance, construction,  and  other  departments  has  such  an  im- 
portant bearing  upon  the  whole  question,  that  the  successful 
engineering  of  a  telephone  system  must  be  regarded  not  only 
as  the  work  of  the  engineer  himself  but  as  the  work  of  all  of 
the  other  departments  concerned.  Not  only  this,  but  what  is 
still  more  important,  the  successful  engineering  of  a  telephone 
plant  depends  upon  proper  business  management,  as  I  have 
indicated  by  several  striking  examples.  Without  an  intelli- 
gent, progressive,  and  broad-gauged  business  management, 
there  cannot  be  good  telephone  engineering. 


106  fELEPHONE  ENGINEERING.  tFeb.  23 

Discussion  on  **  Telephone  Engineering/'  at  New  York, 
February  23,  1906. 

Thomas  D.  Lockwood:  In  the  early  years  of  the  telephone 
exchange,  when  the  telephone  engineers  of  the  present  time — 
yes,  and  the  telephone  business  managers  of  the  present  time — 
were  learning  their  business  by  hard  knocks,  we  all  thought, 
having  no  idea  of  course  of  what  the  telephone  exchange  would 
grow  to,  that  the  greatest  and  most  wonderful  feature  of  tele- 
phony was  the  invention  of  the  telephone  itself;  and  of  course 
in  a  sense  that  was  so  and  is  so.  But  when  all  is  said  and 
done,  and  we  have  given  to  the  telephone  and  its  inventor  all 
of  the  credit,  honor,  and  glory  to  which  it  and  he  are  unques- 
tionably entitled,  I  think  we  should  still  have  enough  to  spare 
for  the  men  who  have  built  and  perfected  the  telephone  busi- 
ness, who  have  constructed  and  perfected  the  telephone  ex- 
change, and  who  have  designed  and  organized  the  art  of  tele- 
phone engineering,  as  expounded  in  the  paper  we  have  just 
heard. 

In  the  first  five  years  of  telephone  exchange  history,  one  of 
its  most  noticeable  features  was  that  each  individual  exchange 
throughout  the  country  had  its  own  peculiar  system,  its  own 
switchboard,  and  its  own  method  of  operation.  Each  ex- 
change manager  thought  his  own  system  was  the  best,  and 
that  there  was  no  other  worth  looking  at.  This  stage  may  be 
called  the  chaotic  stage  of  telephone  engineering. 

Then  came  a  time  when  some  began,  blindly  perhaps,  to  see 
that  this  way  was  scarcely  adapted  for  a  permanent  business: 
and  that  of  three  or  four  hundred  different  systems,  it  was  not 
possible  that  each  and  all  could  be  the  best  or  the  worst;  and 
it  dimly  appeared  to  some  that  a  uniform  system  of  engineer- 
ing was  desirable,  and  that  standardization  was  necessary; 
and  work  along  these  lines  was  done,  albeit  still  indefinitely. 
We  may  regard  this  period  as  the  tentative  stage  of  telephone 
engineering. 

Then  at  last  comes  the  era  of  real  telephone  engineering, 
and  in  this  the  author  of  the  paper  of  this  evening  was  one  of 
the  pioneers.  I  could  speak  of  his  early  career,  but  time  will 
scarcely  permit.  Some  of  us,  however,  can  readily  recall  a 
paper  prepared  by  him  for  this  Institute  as  long  ago  as  March 
17,  1891,  entitled  "  Inductive  Disturbance*  in  Telephone  Cir- 
cuits; "  and  we  remember  with  satisfaction  its  philosophic 
considerations  and  conclusions. 

I  did  not  obtain  a  copy  of  Mr.  Carty's  paper  until  this  morn- 
ing just  before  starting  for  New  York,  but  I  have  read  it  over 
once  or  twice  already  with  both  pleasure  and  profit,  and  expect 
to  read  it  again;  and  to  keep  it  by  me,  as  one  does  a  volume  of 
Shakespeare,  for  constant  and  frequent  reference. 

The  first  point  to  attract  my   attention  was  the  author's 
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comment  that  "  not  so  many  years  ago  **  the  relation  of  a  tele- 
phone building  to  the  **  existing  and  probably  future  sub- 
scribers '*  received  but  scant  consideration.  Yet  this  outlook 
into  the  future,  and  the  possibilities  and  probabilities  of  growth 
is  now — and  justly  so — regarded  as  one  of  the  most  important 
considerations  of  modem  telephone  engineering.  This  word 
"  future  "  therefore  brings  out  the  responsible  character  of  the 
work  of  the  telephone  engineer  most  sharply.  I  do  not  suppose 
that  in  any  other  branch  of  engineering  is  it  so  necessary  to 
"  take  thought  of  the  morrow." 

Mr.  Carty  mentions  that  the  life  of  the  central-office  switch- 
board may  be  placed  at  about  15  years.  In  this,  he  is  perhaps 
conservative.  Judging  from  the  past,  and  taking  both  wear 
and  tear,  and  obsolescence  into  consideration,  I  should  almost 
have  been  inclined  to  place  the  figures  even  lower.  In  a  paper 
read  at  Chicago  in  1901,  at  a  convention  of  Public  Accountants, 
by  George  Wilkinson,  Vice-president  of  that  society,  the  author 
mentioned  that  he  had  recently  had  occasion  to  examine  closely 
into  the  depreciation  of  telephone  exchange  plant,  and  was 
inclined  to  "  fix  the  life  of  a  switchboard  at  from  12  to  14  years." 
It  is  most  interesting  and  instructive  to  note  that  the  *'  stand- 
ard of  transmission  "  is  a  pre-requisite  to  a  determination  of 
the  type  of  cable  to  be  employed;  and  the  standard  adopted 
in  Manhattan,  requires  the  use  of  such  a  cable  as  will  in  the 
worst  case  permit  as  good  telephonic  transmission  as  could  be 
obtained  between  two  central  offices  joined  by  a  trunk  cable 
of  10  miles  of  the  standard  type  having  No.  19-gauge  con- 
ductors, with  a  mutual  capacity  of  0.07.  The  good  quality  of 
telephone  talk  in  New  York  is  thus  accounted  for. 

Mr.  Carty  points  out,  that  while  the  development  of  tele- 
phone engineering  on  the  correct  lines  of  studying  the  needs 
and  the  quality  of  work  required  for  a  period  of  years  to  come 
is  not  unlikely  to  be  more  or  less  productive  of  costly  errors, 
there  is  really  no  other  way;  and  that  any  othjr  way  adopted 
woulr*  inevitably  keep  in  mind,  albeit  unconsciously,  the  ne- 
cessities of  the  case;  and  would  by  its  operations  tacitly,  though 
blindly,  acknowledge  and  endeavor  to  meet  them.  The  paper 
is  most  convincing  on  this  point,  and  it  is  reasonable  and  ra- 
tional to  believe  that  any  such  blind  procedure  as  might  thus 
alternatively  be  adopted,  would  be  productive  of  far  more  errors 
and  far  greater  expense,  than  can  possibly  be  the  outcome  of 
the  methods  of  careful  and  systematic  study. 

Referring  to  the  operation  on  the  recordini^  basis  of  the 
present  toll-board  at  the  Cortlandt  St.  central  station,  certain 
expressions  are  employed,  which  may  not  be  entirely  clear  to 
every  one,  and  which,  for  the  benefit  of  the  many  who  are 
going  to  read  the  paper,  I  ho])e  Mr.  Carty  in  his  concluding 
remarks  will  explain  a  little  more  fully.  These  are  the  "two 
number  method  of  calling"  and  the  '*])articular  |)arty  method." 
I  am  not  quite  sure  that  I   myself  understand  the  exact  sig- 
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nificance  of  these  expressions,  and  perhaps  others  also  wotdd 
like  to  be  informed. 

The  discussion  by  the  paper  of  flat  and  message  rates  is  of 
vital  interest;  and  the  advantages  generally  of  the  message- 
rate  plan  seem  so  plain  in  the  majority  of  cases,  that  we  are  in- 
clined to  wonder  that  they  were  not  recognized  earlier.  But 
it  is  to  be  kept  in  mind  that  telephone  men  themselves  had  to 
learn  their  own  business  little  by  little;  and  that  after  all,  though 
adherence  to  flat  rates  so  long  was  doubtless  in  most  cases  an 
error,  it  was  an  error  which  had  been  persisted  in  by  the  hotel 
business  for  many  years.  When  I  came  into  the  country  39 
years  ago  it  was  hard  to  find  a  *'  message-rate  **  hotel,  any- 
where, even  in  New  York.  Now  it  is  becoming  difficult  to  find 
a  *'  flat-rate  "  hotel. 

It  may  be,  that  to  some,  Mr.  Carty*s  graphic  description  of 
the  manysidedness  and  multifariousness  of  the  conditions,  es- 
sential studies,  and  exacting  requirements  of  telephone  en- 
gineering, and  of  the  numerous  duties  and  requisite  qualifica- 
tions of  the  telephone  engineer  who  is  called  upon  to  unite  in 
himself  the  functions  of  an  engineer,  a  diplomatist,  and  an 
actuary,  may  seem  overdrawn,  idealized,  and  impossible  of 
attainment.  This  however  is  not  so.  Nothing  less  than  the 
constant  practice  of  just  such  engineering;  nothing  less  than 
precisely  the  work  of  just  such  a  telephone  engineer,  could  have 
made  the  telephone  system  of  New  York  what  it  is  to-day. 

The  paper  commands  my  heartiest  admiration.  Its  propo- 
sitions must  meet  the  heartiest  assent  of  every  modem  telephone 
engineer.  It  is  replete  with  graphically  stated  facts,  and  I 
am  glad  to  know  that  it  will  be  a  part  of  the  annals  of  this 
Institute. 

President  Wheeler:  I  know  of  an  incident  that  is  worth 
mentioning,  as  I  think  it  serv^es  to  show  the  great  growth 
of  electrical  work  of  all  kinds.  In  my  early  experience  I  was 
employed  by  a  man  who  had  the  rights  for  the  telephone  sys- 
tem in  New  York  City,  and  he  felt  rather  pleased  because  he 
had  just  succeeded  in  inducing  some  one  to  buy  these  rights 
from  him  for  $10  000. 

Bancroft  Gherardi:  There  is  one  phase  of  telephone  engi- 
neering which  Mr.  Carty  has  necessarily  only  touched  upon 
briefly.  That  is  the  engineering  which,  as  a  matter  of  ad- 
ministrative efficiency,  should  be  done  in  the  various  executive 
departments  of  the  organization.  The  most  conspicuous  ex- 
amples of  these  are  the  en^neering  which  must  be  done  in  the 
department  under  the  control  of  the  superintendent  of  traffic, 
and  in  the  department  under  the  control  of  the  superintendent 
of  construction.  The  engineering  done  in  the  traffic  department 
is  in  charge  of  an  engineer  usually  designated  as  the  traffic 
engineer,  who  has  reporting  to  him  a  sufficient  number  of  as- 
sistants to  do  the  requirt'd  work.  This  engineer  is  charged 
with  responsibility  for  a  large  amount  of  work,  which,  while 
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essentially  engineering  in  its  character,  is  nevertheless  so 
closely  related  to  the  detail  methods  of  operation  in  use  in  the 
traffic  department,  and  the  detail  administration  of  that  depart- 
ment, that  to  have  it  done  in  the  office  of  the  chief  engineer 
of  the  company  would  require  that  the  chief  engineer  should 
keep  complete  records  in  all  detail  of  matters  going  on  in  the 
traffic  department,  and  be  familiar  to  the  last  detail  with  a 
vast  number  of  administrative  questions  concerning  that  de- 
partment. 

One  of  the  functions  of  the  traffic  engineer  is  to  watch  care- 
fully the  growth  of  the  business  with  reference  to  the  require- 
ments for  additional  equipment  of  all  kinds  for  switchboards, 
and  at  a  proper  length  of  time  in  advance  to  make  a  seport 
stating  that  additional  equipment  is  required,  and  reconmiend- 
ing  the  extent  of  such  equipment. 

To  give  an  idea  of  the  complexity  of  this  fimction  alone,  I 
might  say  that  the  following  are  some  of  the  details  which  the 
traffic  engineer  has  to  watch  in  connection  with  each  large 
switchboard  in  the  system: 

1.  The  number  of  subscribers'  lines  available  in  the  multiple. 

2.  The  number  of  switchboard  positions  available  for  sub- 
scribers' operators. 

3.  The  number  of  switchboard  positions  available  for  trunk 
operators  of  various  classes. 

4.  The  number  of  incoming  trunk  cords  available  for  incoming 
trunk  lines  of  various  classes. 

5.  The  ntmiber  of  call-wire  circuits  available  for  calling  cir- 
cuits. 

6.  The  arrangement  of  answering  jacks  so  that  it  may  be 
possible  to  give  all  operators  at  the  switchboard  proper  loads. 

7.  In  addition  to  these  items  in  the  switchboard  itself  there 
are  all  of  the  various  items  concerning  the  information  desk, 
the  assistant  manager's  desk,  and  the  manager's  desk — all 
elements  of  the  plant  which  are  of  the  utmost  importance  in 
connection  with  an  efficient  operation  of  the  system  as  a  whole. 

The  report  recommending  additional  switchboard  equipment 
is  made  to  the  superintendent  of  traffic,  and  if  approved  by 
him,  is  transmitted  to  the  chief  engineer.  The  report  if  in  proper 
form  gives  the  essential  facts  upon  which  the  recommendation 
is  based,  and  enables  the  chief  engineer  to  pass  promptly  on 
the  matter.  As  will  be  seen  by  this  routine,  the  chief  engineer 
does  not  necessarily  have  to  concern  himself  with  the  detail 
affairs  of  the  traffic  department,  while  at  the  same  time  he  is 
not  relieved  of  the  responsibility  in  regard  to  the  amount  and 
character  of  plant  provided. 

Another  very  important  function  of  the  traffic  enj^ineer  is 
to  watch  the  constant  growth  of  the  business  trunked  between 
various  offices  and  handled  over  toll  lines  between  various  sec- 
tions of  the  territory.  It  is  his  duty  to  originate  recommenda- 
tions for  additional  trunk  circuits  that  may  be  required  to  take 
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care  of  this  business.  These  recommendations  when  requiring 
additional  plant  are  in  due  course  transmitted  to  the  chief 
engineer,  with  a  request  that  a  formal  estimate  be  prepared 
and  an  appropriation  asked  for.  Thus  the  matter  comes  before 
the  chief  engineer,  and  again,  as  in  the  case  of  the  switchboard 
equipment,  the  final  responsibihty  is  with  him. 

Nimierous  cases  arise  in  which  it  is  necessary  that  detail 
studies  should  be  made  of  various  operating  methods.  These 
studies  can  best  be  made  by  some  one  forming  part  of  the 
traffic  department,  and  it  is  in  general  the  traffic  engineer's 
duty  to  do  such  work.  The  results  of  these  studies,  when  they 
indicate  any  important  change  in  the  operating  methods  of 
the  company,  arc  submitted  to  the  chief  engineer  with  the 
facts  in  the  case,  and  he  in  this  way  passes  upon  the  matter. 

In  the  construction  department  there  is  necessity  for  a  con- 
struction engineer,  who  performs  with  reference  to  that  de- 
partment functions  similar  in  their  general  nature  to  those 
performed  by  the  traffic  engineer  in  the  traffic  department. 
One  of  the  very  important  functions  of  this  construction  engi- 
neer is  to  keep  constant  watch  of  the  cable  situation,  and  to 
recommend  at  a  sufficient  length  of  time  in  advance  additional 
cables  or  extensions  of  cables  to  take  care  of  the  business. 
These  recommendations  are  made  by  him  to  the  superintendent 
of  construction,  and  by  him  transmitted  to  the  chief  engineer 
with  a  request  for  estimate.  Upon  being  received  by  the  chief 
engineer  they  are  checked  up,  and  thus  again  the  responsibility 
is  finally  with  him. 

In  cases  such  as  this,  where  the  administration  of  the  con- 
struction department  and  its  engineering  work  are  efficient, 
the  principal  work  of  the  chief  engineer  in  connection  with 
such  cases  is  to  see  that  the  plans  proposed  fit  in  with  the 
general  studies  and  general  scheme  of  development.  He  also 
sees  that  the  plans  provide  for  the  use  of  standard  materials 
or  materials  appropriate  to  the  particular  situation  in  question. 

An  important  function  of  the  construction  engineer  is  with 
reference  to  the  rights  of  way  necessary  to  carry  out  contem- 
plated pole-line  construction.  Such  rights  of  way  are  so  inti- 
mately associated  with  the  final  planning  of  the  construction, 
that  they  must  be  obtained  prior  to  the  preparing  of  actual 
plans  for  the  work.  At  the  same  time  the  rights  cannot  be 
obtained  without  careful  engineering  consideration  as  to  what 
such  plans  should  be.  Hence  it  has  been  found  that  in  a 
large  company  the  rights  of  way  had  best  be  handled  by  the 
construction  engineer,  and  the  right-of-way  work  is  a  very 
i**nportant  part  of  his  duties. 

From  an  engineering  standpoint  I  think  it  is  safe  to  charac- 
terize the  development  of  an  organization  having  engineers  in 
the  construction  and  tlie  traffic  departments  as  one  of  the 
important  steps  which  lead  to  efficiency  of  the  operating  or- 
ganization as  a  whole. 


1906.J  DISCUSSIOX  AT  iWEW  YORK.  Ill 

C.  P.  Stdnmetz:  Telephony  has  always  been  very  fascinating 
to  me,  when  considering  it  as  a  transmission  of  soimd  over 
great  distances,  and  by  currents  so  minute  that  only  recently, 
and  by  the  most  sensitive  oscillographs,  has  their  record  been 
reproduced  on  the  photographic  film. 

To  the  electrical  engineer,  even  if  he  is  not  directly  interested 
in  the  industrial  application  of  the  telephone,  telephony  is  of 
great  interest  and  highly  instructive  as  a  form  of  transmission 
of  electric  power,  entirely  different  in  its  purpose  from  the 
high-potential  transmission  of  larger  powers,  and  different 
therefore  in  its  methods  and  in  the  problems  involved  in  its 
successful  accomplishments. 

In  electric  power  transmission,  as  usually  considered,  the 
problem  is  to  deliver  at  the  end  of  the  transmission  line  as 
high  a  percentage  as  possible  of  the  power  sent  into  the  line. 
That  is,  the  efficiency  of  transmission  is  the  principle  considera- 
tion. 

Not  so  in  telephony.  Here  the  problem  is  to  deliver  at  the 
end  of  the  line  the  electric  power  in  the  form  of  an  alternating 
current  of  the  same  very  complex  wave-shape  as  the  current 
sent  into  the  line;  that  is,  with  the  same  relative  intensity  of 
all  the  harmonics  of  the  complex  wave  representing  the  sound. 

If  it  were  a  question  of  delivering  sufficient  electric  energy 
to  operate  the  telephone,  the  problem  would  be  very  easy; 
the  telephone  is  so  sensitive  an  apparatus,  that  enough  energy 
could  be  transmitted  from  San  Francisco  to  New  York,  and 
even  farther  still — over  a  trans-atl antic  cable  to  London — to 
operate  the  telephone  with  an  almost  insignificant  expenditure 
of  energy  at  the  sending  end.  But  with  such  a  long  distance, 
while  the  sound  could  be  heard,  the  articulation  would  be  lost; 
only  the  fundamental  wave  would  arrive,  the  higher  harmonics 
being  almost  entirely  suppressed.  But  in  speech  the  higher 
harmonics  are  of  main  importance,  and  not  the  fundamental 
wave.  It  is  the  higher  harmonics  which  differentiate  soimds, 
and  so  constitute  articulate  speech;  let  them  be  blurred  and 
the  result  is  a  noise  rising  and  falling  in  pitch,  but  no  articulate 
speech. 

In  telephony  the  problem  therefore  is  to  transmit  electric 
energy,  practically  regardless  of  efficiency,  with  as  little  destruc- 
tion or  deterioration  of  the  very  complex  wave-shape  as  pos- 
sible, while  in  high-potential  power  transmission  the  desire  is 
to  have  only  a  fundamental  sine  wave  and  none  of  the  higher 
harmonics.  The  transmission  of  the  higher  harmonics  is  what 
constitutes  the  problem  of  telephony. 

J.  J.  Carty:  Mr.  Lockwood  has  asked  me  to  explain  what 
is  meant  by  the  expression  "  two-number  business.'*  This  is 
a  method  of  designating  certain  toll  calls  wherein  the  sub- 
scriber, in  giving  the  call,  employs  the  number  rather  than 
the  name  of  the  party  wantecl.  Business  handled  in  this  way 
can  be  conducted  more  expeditiously  than  when  the  subscriber 
calls  by  name,  as  is  the  case  with  certain  classes  of  business. 
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The  name  **  two-number  business  **  probably  arises  from  the 
fact  that  the  recording  operator  writes  upon  the  ticket  two 
numbers,  one  of  them  being  the  number  of  the  party  called  for 
and  the  other  the  number  of  the  party  calling. 
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SOME  FEATURES  AFFECTING  THE  PARALLEL  OPERA- 
TION  OF  SYNCHRONOUS  MOTOR-GENERATOR  SETS. 


BY  J.  B.  TAYLOR. 


In  this  paper  the  phrase  **  synchronous  motor-generator  '* 
means  an  alternating-current  synchronous  motor  directly  con- 
nected to  an  alternating-current  generator.  The  author's  in- 
tention is  to  point  out  some  of  the  details  of  construction,, 
connections,  and  method  of  operation  that  need  to  be  consid- 
ered in  order  that  a  desired  division  of  load  will  result  when 
such  imits  are  operated  in  parallel. 

Uses  of  Synchronous  Motor-Generator  Sets. 

1 .  The  most  common  use  of  motor-generator  sets  is  to  effect 
a  change  in  frequency,  so  that  standard  lighting  apparatus, 
alternating-current  arc  lamps,  etc.,  may  be  operated  from  a 
system  of  lower  frequency  designed  primarily  for  railway  or 
power  purposes.  For  example,  a  railway  system  distributing^ 
high-tension  current  at  25  cycles  to  a  niunber  of  sub-stations 
may  desire  to  take  over,  or  develop,  a  lighting  load;  a  motor- 
generator  set,  consistitrg  of  a  25-cycle  synchronous  motor  and 
60-cyele  generator,  can  be  employed  for  this  purpose.  Such 
a -set,- in  addition  to  giving  the  desired  change  in  frequency-,- 
has  several  incidental  advantages  for  lighting  purposes;  for  by 
means  of  an  automatic  regulator  on  the  generator,  constant 
voltage  may  be  maintained  on  the  lamp  circuits  independent, 
within  limits,  of  fluctuations  of  speed  and  voltage  on  the  25- 
cycle  system. 
'2.-  Such  sets  are  also  used  as  a  means  of  interchanging  power 
.'.'    :::     ;•       -.         '      ■'        113 
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between  systems  already  established  and  operating  at  different 
frequencies. 

3.  The  operation  of  the  single-phase  railway  motor  calls,  in 
some  cases,  for  a  motor-generator  set  with  inverted  frequencies; 
that  is,  a  60-cycle  synchronous  motor  in  connection  with  a  25- 
cycle  generator.  With  such  a  combination  there  may  be  ob- 
tained an  energy  transfer  from  a  three-phase  system  to  a  single- 
phase  system  without  tmbalancing  the  three-phase  system. 

A  load  with  low  power-factor  on  the  25-cycle  end  of  such  a 
set  will  have  no  more  effect  on  the  regulation  of  the  system 
which  supplies  the  motor  than  a  load  of  the  same  number  of 
kilowatts  at  imity  power-factor. 

Difficulties  Experienced  with  Early  Installations. 

Considerable  difficulty  was  experienced  with  some  of  the  first 
of  these  sets;  for  instance,  a  set  on  being  started  and  connected 
in  parallel  with  others  already  carrying  a  load  would,  on  some 
occasions,  refuse  to  take  any  of  the  load  and  at  other  times 
it  would  take  a  great  deal  more  than  its  proper  share  of  the  load. 
These  troubles  were  due,  mainly,  to  lack  of  consideration  of 
the  possible  combinations  of  phase  relations  of  any  given  set 
depending  on  connections  and  load.  It  is  also  evident  that 
suitable  switching  devices  and  method  of  procedure  for  a  10-pole 
— 24-pole  combination,  operating  between  25  and  60-cycle 
systems,  will  not  be  suitable  for  a  4-pole — 10-pole  combination 
operating  between  25-cycle  and  62.5-cycle  systems.  As  a 
result  of  these  early  troubles,  a  niunber  of  station  operators 
retain  the  impression  that  tmless  certain  special  combinations 
of  field  excitation  are  used  at  the  instant  of  parallelling,  the 
proper  division  of  load  will  not  result ;  and  that  once  being  con- 
nected in  parallel,  further  changes  in  field  excitation  will  have 
no  effect.  • 

Angular  Lag  and  Phase  Displacement. 

In  order  to  understand  the  operation  of  a  synchronous 
motor,  it  is  necessary  to  have  some  definite  reference  point. 
This  reference  point  must  rotate  in  synchronism  with  the 
electromotive  force  of  the  system  connected  to  the  terminals 
of  the  synchronous  motor,  and  must  also  maintain  the  same 
phase  relation  to  the  electromotive-force  wave.  In  Fig.  1,  let 
A  represent  the  reference  point  rotating  about  the  point  O, 
and  let  N  S,  etc.,  represent  the  four  revolving  poles  of  a  syn- 
chronous motor.     Since  the  reference  point  A  and  the  poles 
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N  St  etc.,  rotate  at  the  same  speed,  and  since  only  the  relative 
positions  need  be  considered,  the  diagram  at  rest  can  be  ex- 
amined with  the  same  restilt  as  if  the  diagram  rotated  at  syn- 
chronoiis  speed  with  the  observer  stationed  at  the  point  A. 
If  Fig.  1  represents  the  relative  positions  of  reference  point  and 
field  for  the  condition  of  no  load  on  the  motor,  it  is  apparent 
that  with  a  load  the  relative  positions  will  be  as  represented 
in  Fig.  2,  in  which  case  the  rotating  field  will  lag  behind  the 
no-load  position  by  an  angle  AON,  the  number  of  degrees 
in  this  angle  being  dependent  on  the  load,  the  number  of  poles, 
the  field  excitation,  and  on  the  magnetic  and  electrical  design 
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of  the  machine.  If  this  motor  be  coupled  to  a  generator 
having  twice  the  nimiber  of  poles,  as  indicated  by  n  s,  etc., 
it  is  apparent  that  the  lag-angle  AON  will  cause  the  generator 
electromotive  force  to  lag  a  corresponding  number  of  electrical 
degrees,  which  will  be  twice  as  many  as  the  nimiber  of  electrical 
degrees  displacement  on  the  motor;  for  example,  with  a  4- 
pole  motor  and  8-pole  generator  and  angle  AON  10  degrees 
(mechanical),  there  would  be  a  corresponding  electrical  displace- 
ment of  20  degrees  for  the  motor  and  40  degrees  for  the  gen- 
erator. 

In  addition  to  the  phase  displacement  of  the  generator 
electromotive  force  due  to  the  angular  lag  of  the  motor,  there  is 
a  farther  displacement  between  the  electromotive  force  of  gen- 
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erator  of  set  under  load  and  set  under  no  load,  due  to  the 
phase  diflEerence  between  the  generator  induced  electromotive 
force  and  the  generator  terminal  electromotive  force;  the 
amotmt  of  this  displacement  depending  on  the  amount  and 
power-factor  of  the  load,  and  also  on  the  design  of  the  gen- 
erator. Fig.  3  is  a  vector  diagram  showing  the  electromotive 
force  of  the  bus-bars  (or  machine  running  imder  load),  current, 
inductive  drop,  and  resistance  drop  in  generator,  and  induced 
electromotive  force.  In  this  diagram  the  power-factor  of  the 
load  on  generators  is  assumed  at  100%. 

Pig.  4  is  a  similar  vector  diagram,  with  a  power-factor  70%. 

These  two  actions  taken  together  give  a  phase  displacement 


between  the  generator  terminal  electromotive  force  under  load 
and  under  no  load  as  indicated  in  Fig.  5;  angle  a  being  due 
to  synchronous-motor  lag,  angle  j9  to  generator  reactance ;  the 
angle  Q  is  the  sum  of  these  two. 

Requirements  for  Equal  (or    Proportional)  Division  of 

Load. 
Two  sets  of  identical  construction,  connected  in  parallel  on 
both  motor  and  generator  ends,  will  each  take  the  same  amount 
of  load,  pro\nded  field  excitations  are  equal.  If  either  set  has 
a  motor  or  a  generator  designed  for  closer  regulation  than  the 
corresponding  machine  of  the  other  set,  the  set  having  the 
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closer  regulating  machines  will  take  more  than  its  share  of  the 
load. 

Referring  to  Fig.  5:  for  a  given  load  the  angle  0  will 
be  smaller  the  closer  the  machines  regulate.  The  closest 
regtdating  set,  therefore,  will  have  an  electromotive-force  wave 
in  advance  of  the  other  set,  thus  taking  more  load,  which  tends 
to  increase  the  angle;  while  the  other  set  will  take  less  load. 


JE:M^ar^79r/77/^7a/s^ 
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Fig.  3. 

which  tends  to  decrease  the  angle.  The  machines  will,  there- 
fore, settle  down  at  that  division  of  load  which  makes  the 
angle  Q  the  same  for  both.  The  division  of  load  is  stable, 
as  any  displacement  tending  to  increase  the  output  from  the 
generator  of  a  set  will  also  tend  to  reduce  the  load  assumed 
by  the  motor;  and  vice  versa. 


Ce/rr^e^t^ 
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Fig.  4. 


In  the  previous  discussion  it  has  been  assumed  that  the 
mechanical  construction  of  the  two  sets  is  identical.  Since 
identical  mechanical  construction  involves  perfect  alignment 
when  machining  the  key-ways,  milling  slots  for  pole  pieces, 
armature  laminations,  etc.,  it  is  difficult  to  construct  two  sets 
having  an  initial  phase  difference  of  less  than  two  or  three 
degrees;  and  this  difficulty  increases  with  machines  of  different 
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design  and  rating  constructed  at  diflEerent  times.  This  point  is 
of  first  importance  in  machines  of  this  class,  as  a  manufacturing 
company  may  any  day  receive  an  order  for  a  machine,  say, 
of  1  000-kw.  capacity  to  operate  in  parallel  with  machines  of 
200  or  500-kw.  capacity  already  in  service  and  constructed  four 
or  five  years  ago.  If  slight  differences  in  machining  cause  the 
generator  of  one  set  to  have  an  electromotive-force  wave  in 
advance  of  the  wave  of  the  other  sets,  this  machine  will,  at  no 
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load  on  the  system,  reverse  the  action  of  the  other  sets,  caus- 
ing the  generators  to  act  as  motors,  and  the  synchronous  motors 
to  act  as  generators. 

Fig.  6  shows  the  interchange  of  load  between  two  sets  con- 
structed at  the  same  time,  but  differing  by  approximately  four 
degrees  on  the  generators.  These  sets  are  of  500-kw.  capacity, 
and  when  connected  in  parallel  with  no  load  there  is  an  inter- 
change of  11.6  kw.  between  the  generators.     In  this  particular 
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case  no  energy  will  be  returned  by  the  synchronous  motor 
of  the  lagging  set,  as  11.6  kw.  is,  obviously,  insufficient  to  sup- 
ply the  losses  in  1  000  kw.  of  apparatus.  The  set  which  is 
four  degrees  in  advance  of  the  other  will,  when  imder  load, 
carry  approximately  10  kw.  more  than  the  other  set.  The 
difference  in  this  case  being  approximately  two  per  cent,  of  the 
rating,  is  of  little  importance. 

Fig.  7  shows  the  division  of  load  between  two  machines  having 
a  greater  difference  in  construction.  In  this  case  these  sets 
were  also  rated  500  kw.,  but  one  machine  took  approximately 
110  kw.  more  than  the  other.     This  difference,  a  matter  of  20%, 
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was  corrected  by  drawing  off  one  of  the  revolving  fields,  and 
replacing  it  with  a  new  key  so  as  to  give  an  offset  of  a  few 
h\mdredths  of  an  inch.  Now  there  is  a  difference  of  only  10 
kw.  in  the  load  taken  by  the  two  sets;  this  is  satisfactory,  being 
only  2%  on  the  rating  of  the  machine. 

Division  of  load  among  seven  machines  in  the  same  station  oper- 
ating in  parallel  is  shown  in  Fig.  S.  These  machines  are 
shown  in  Fig.  9.  Three  of  these  machines  are  of  250-kw.  capa- 
city, three  of  500-kw.  capacity,  and  the  other  of  1  000-kw.  capa- 
city. It  will  be  seen  that  the  division  of  load  is  very  nearly  in 
proportion  to  the  rating,  except  for  the  1  000-kw.  machine.  This 
machine  is  of  somewhat  different  design  and  of  closer  regulation 
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than  the  -others,  and,  consequently,  if  adjusted  to  the  same  phase 
position  as  the  other  machines,  will  take  more  than  its  rated 
share  of  the  load.  In  other  words,  it  will  act  as  if  it  were 
rated  1  200  kw.  If  desired,  it  is  easily  possible  to  change 
the  phase  adjustment,  so  that  when  running  with  the  other 
machines  under  full  load  the  1  000-kw.  machine  will  not  do 
more  than  its  proper  share  of  the  work.  This,  however,  would 
mean  that  tmder  light  load  and  no  load  its  generator  electro- 
motive force  would  lag  behind  the  others,  and  its  action  be  re- 
versed; that  is,  the  60-cycle  generator  would  tend  to  run  as  a 
synchronous  motor. 
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In  Figs.  1  and  2,  previously  referred  to,  we  have  considered 
a  set  having  twice  as  many  poles  on  the  generator  as  on  the 
motor,  such  a  set  as  would  be  used  in  transforming  from  25 
to  50  cycles,  or  from  30  to  60  cycles.  With  this  combination, 
and  the  motor  connected  to  the  mains,  it  is  apparent  that  the 
generator  will  necessarily  have  proper  phase  relations  for  con- 
nection in  parallel  with  generators ' of  similar  sets;  because 
every  one  of  the  north  poles  on  the  generator  is  directly  in 
line  with  a  pole  on  the  motor,  so  that  no  matter  which  pole 
of  the  motor  revolves  nearest  to  the  reference  point  A  the 
relation  between  a  north  pole  of  the  generator  and  the  refer- 
ence point  A  will  be  the  same.     Consider,  however,  a  set  work- 
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ing  between  25  and  60  cycles.  The  smallest  niunber  of  poles 
possible  in  this  combination  is  10  for  the  motor  and  24  for  the 
generator.     Fig.  10  represents   such  a  set.     A  study  of  this 
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figure  will  show  that  there  are  but  two  poles  on  the  motor 
which  must  stand  even  with  the  reference  ])C)int  .4  in  order  to 
give  proper  phase  relations  on  the  generator  end.  Therefore, 
with  one  of  these  sets  in  service,  to  connect  in  parallel  a  second 


122 


TAYLOR:  PARALLEL  OPERATION. 


[March  23 


set  it  is  necessar}^  to  bring  one  or  the  other  of  these  two  poles 
to  the  reference  point,  the  reference  point  being  already 
determined  by  the  set  in  service.  This  means  that  it  is  not 
sufficient  to  phase  the  set  for  one  end  only,  but  it  must  be  phased 
for  both  motor  and  generator  ends  simultaneously.  This  may 
be  done  by  one  of  several  methods,  as  will  be  explained  imder 
methods  of  starting. 

Methods  of  Starting. 
Sjmchronous  motor-generator  sets  may  be  started  by  apply- 
ing alternating  currents,  preferably  at   low  voltage,  to  either 
end  of  the  set.     With  this  method  there  is  no  need  of  syn- 


Pio.  9. — Svchronous  Motor-Generator  Sets,  with  Exciters.     Motors,  40 
cycles,  10,000  volts;  Generators,  00  cycles,  2,300  volts. 


chronizing  as  the  term  is  ordinarily  applied.  It  is,  however, 
essential  in  some  cases  to  make  further  manipulation  to  secure 
proper  phase  relations. 

Many  of  these  sets  are  provided  with  direct -connected  ex- 
citers, and  in  some  cases  these  exciters  are  used  as  starting 
motors.  Another  combination  is  the  use  of  an  induction  motor 
connected  to  the  set,  and  provided  for  the  specific  purpose  of 
starting.  Either  of  these  last  two  methods  requires  syn- 
chronizing, and,  as  explained  above,  in  some  cases  special  or 
additional  manipulations  to  obtain  proper  simultaneous  phase 
relations. 
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In  order  to  secure  proper  phase  relations  at  both  ends  of  the 
Set,  the  Chicago  Edison  Company  makes  use  of  a  special  syn- 
chronism indicator  with  two  hands  appearing  on  the  same 
dial.  The  25-cycle  synchronous  motor  is  started  by  means  of 
alternating  current  applied  to  its  windings,  and  after  syn- 
chronous speed  is  reached  the  60-cycle  end  has  one  chance  in 
five  of  being  correct  for  connecting  in  parallel  with  other  sets 
already  in  service.  The  position  of  the  60-cycle  hand  on  the 
synchronism  indicator  shows  whether  or  not  the  phase  relation 


is  correct.  If  incorrect,  the  switch  supplying  the  synchronous 
motor  is  opened  and  the  set  begins  to  slow  down ;  the  two  hands 
of  the  synchronism  indicator  begin  to  revolve  at  different  speeds, 
the  60-cycle  hand  making  2.4  revolutions  for  each  revolution 
of  the  25-cyclc  hand.  There  is  one  instant  when  both  hands 
will  appear  at  the  top  of  the  dial  at  the  same  time,  indicating 
proper  phase  relations  for  both  machines;  at  this  instant  the 
operator  closes  the  switch  on  one  machine,  and  as  soon  as  the 
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switch  on  the  other  machine  is  also  closed  the  set  is  in  parallel 
with  those  already  in  service,  and  takes  its  proper  share  of  the 
load. 

Similar  sets  at  the  Amsterdam  sub-station  of  the  Fonda, 
Johnstown  &  Gloversville  Railway  Company  are  started  by 
means  of  alternating  current  at  approximately  one  half  the  line 
potential,  13  200  volts.  In  this  station  transformers  suppl)dng 
synchronous  converters  are  incidentally  used  as  compensators, 
to  obtain  the  half-voltage  for  starting  the  synchronous  motors 
of  the  lighting  sets.  When  the  set  has  reached  synchronotis 
speed,  however,  a  different  method  from  that  employed  at 
Chicago  is  used  to  obtain  proper  phase  relations  on  the  60-cycle 
generator. 

Refening  again  to  Fig.  10,  it  will  be  seen  that  there  is  one 
chance  in  five  of  the  generator  potential  being  in  phase  with 
the  bus-bars.  Phasing  lamps  and  voltmeter  connected  be- 
tween the  incoming  generator  and  the  bus-bar  show  whether 
or  not  the  phase  relation  is  correct  for  connecting  in  parallel. 
If  this  phase  relation  is  correct  the  voltmeter  reading  is  normal 
and  the  lamps  bum  at  normal  brilliancy.  Any  one  of  the  other 
four  possible  phase  relations  will,  however,  give  a  different 
reading  on  the  voltmeter  and  only  partial  illimiination  of  the 
phase  lamps.  A  double-pole,  double-throw  reversing  switch  in 
the  circuit  of  the  s\'Tichronous-motor  field  is  employed  to  step 
the  motor  back  one  pole  successively  at  a  time  until  the  gen- 
erator stands  in  the  same  phase  relation  to  the  bus-bar  or  to 
the  machine,  or  machines,  already  in  service.  As  stated  pre- 
viously, each  pole  of  the  motor  corresponde  to  2.4  poles  on  the 
generator,  which  is  equivalent  to  one  complete  cycle  and  72 
degrees  additional.  •  As  stated  above,  there  is  one  chance  in 
five  that  the  generator  potential  will  be  in  proper  phase,  in 
which  case  this  stepping  back,  or  **  slipping  "  of  the  motor 
will  be  imnccessary.  As  it  is  purely  a  matter  of  chance  which 
one  of  the  five  phase  positions  exists  at  the  generator,  it  will 
usually  be  necessary  to  reverse  the  motor  field  successively 
two  or  three  times;  in  the  worst  case  it  will  be  necessary  to 
reverse  the  motor  field  four  times  in  succession.  After  the  cor- 
rect phase  position  has  been  obtained  the  generator  may  be 
connected  to  the  bus-bars,  and  the  set  will  take  its  share  of  the 
load. 

The  same  method  is  followed  by  The  Milwaukee  Electric 
Railway  &  Light  Company.     Synchronous  motors  are  started 
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by  means  of  compensators.  A  60-cycle  synchronism  indicator 
shows  which  of  the  five  phase  positions  obtains  at  the  gen- 
erator. One  of  these  positions  is  correct  for  parallelling,  and 
the  remaining  four  points  are  marked  1,  2,  3,  4,  indicating  the 
number  of  times  that  the  motor  field-switch  must  be  reversed. 
The  sequence  of  operation  in  placing  a  set  in  service  in  this 
manner,  is  then  as  follows: 

1.  Close  the  oil-switch  connecting  the  synchronous  motor  to 
half  voltage  taps  on  compensator  transformers. 

2.  When  the  motor  has  reached  synchronous  speed,  excite 
the  fields  of  both  motor  and  generator. 

3.  Reverse  the  field  of  the  synchronous  motor — unless  the 
generator  happens  to  be  in  proper  phase — tmtil  the  indicating 
devices  show  that  the  correct  position  has  been  obtained. 

4.  Transfer  the  synchronous  motor  from  the  half-voltage 
taps  to  the  25-cycle  bus-bars ;  this  is  done  by  means  of  a  double- 
throw  switch,  or  its  equivalent  of  two  separate  switches  mechan- 
ically or  electrically  interlocked. 

5.  Connect  the  60-cycle  generators  to  the  bus-bars. 

The  mode  of  operating  this  combination  has  been  described 
in  detail,  as  the  method  is  general  and  may  be  applied  to  sets 
having  any  combination  of  poles,  speeds,  and  frequencies,  al- 
though for  those  sets  in  which  the  ratio  between  motor  poles 
and  generator  poles  is  a  whole  number,  the  generator  phase 
relations  must  of  necessity  be  correct.  For  certain  other 
combinations  in  which  there  is  one  chance  in  two  of  the  gen- 
erator polarity  being  correct,  a  field-reversing  switch  on  the 
generator  serves  quite  as  well  as  one  on  the  motor,  and  slightly 
simplifies  the  operation.  Furthermore,  in  certain  special  com- 
binations of  poles,  field-reversing  switches  on  both  motor  and 
generator  may  be  employed,  this  combination  reducing  the  nimi- 
ber  of  times  that  the  motor  field  must  be  successively  reversed 
to  bring  the  generator  to  its  proper  phase  position. 

Obviously,  in  those  cases  where  the  sets  are  started  by  such 
means  as  direct-connected  exciters  or  induction  motors,  we 
may  use  either  a  double  synchronism-indicator,  connecting 
either  motor  or  generator  to  the  bus-bars  at  the  instant  when 
the  indicators  show  proper  phase  relations  for  both  machines, 
or  we  may  merely  synchronize  the  motor  by  the  ordinary 
methods,  and  then  obtain  proper  phase  position  for  the  gen- 
erator by  suitable  field-reversing  switches. 
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TABLE  I. 
DATA  ON  SOME  SYNCHRONOUS  MOTOR-GENERATOR  SETS. 


CYC 

LBS. 

PHA 

SES. 

POI 

.ES. 

Speed 

rev. 

per  min. 

Ratio 

of  fr«. 

qucnciea 

phase  coming 
right  when  start- 
ed by  eyn.  motor 

Motor 

Gen. 

Motor 

Gen. 

Motor 

Gen. 

I 

25 

125 

3 

3or 
single 

2 

4 

10 
20 

1500 
750 

5 

Certain 

II 

161 
25 

661 
100 

3 

3 

2 

8 

1000 
1500 

4 

CerUin 

III 

161 
25 

50 
75 

3 

3 

2 

6 

1000 
1500 

3 

Certain 

IV 

25 

62.5 

3 

3  or 
2      • 

-    4 
8 

10 
20 

750 
875 

2.5 

lin2 

V 

25 

60 

3 

3 

10 

24 

300 

2.4 

lin5 

VI 

25 

60 

3 

2 

10 

24 

300 

2.4 

1  in5 

VII 

25 

58i 

3 

3 

6 

14 

500 

1500 
1800 

2.334 

lin6 

VIII 

25 
30 

50 
60 

3 

3 

2  etc. 

4  etc. 

2 

Certain 

IX 

33i 

60 

3 

3 

10 

18 

400 

1.8 

lin  10 

X 

35 

60 

3 

3 

14 

24 

300 

1.714 

lin7 

XI 

25 

40 

3 

3 

10 

16 

300 

1.6 

1  in  5 

XII 

40 

60 

3 

3 

4 
8 

6 
12 

1200 
600 

1.5 

lin2 

XIII 

25 

35 

3 

3 

10 

14 

300 

1.4 

lin  10 

XIV 

25 

33i 

3 

3 

6 

8 

500 

1.33i 

lin  3 

XV 

25 
50 

30 
60 

25 

3 

3 

10 

12 

300 
600 

1.2 

lin  5 

XVI 

25 

3 

single 

4 

4 

750 

1 

Certain 

XVII 

25 

161 

3 

3  or 
single 

6 

4 

500 

0.661 

lin  3 

XVIII 

40 

25 

3 

3  or 
single 

16 

10 

300 

0.625 

lin  16 

XIX 

60 

25 

3 

3  or 
single 

24 

10 

300 

0.416+ 

lin  24 

XX 

60 

24 

3 

3  or 
single 

10 
20 

4 
8 

720 
360 

0.4 

linS 
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TABLB  I.— CoNlNMifrf. 
DATA  ON  80MB  SYNCHRONOUS  MOTOR-GBNBRATOR  SBT& 


REVERSING  PIBLDSWITCH. 

Number  of  phase 
positions  and  number 

ijmd  on  syncbronotts 

motor  to  giv*  correct 

phase  by  •lii>imig 

polee  eucceeitTriy. 

Used  on 

of  degrees  apart  by 
changing  connections. 

not  eliminatad 
by  changing 
connections. 

No. 

Degrees. 

I 



6 

W 

30* 

II 

6 

60» 

30« 

III 

6 

60« 

30» 

IV 

yes 

12 

30« 

15« 

V 

yes 

30 

,2« 

«• 

VI 

yes 

20 

18* 

9» 

VII 

yes 

(yes)* 

(yes)* 

18 

20* 

ID* 

VIII 

6 

60* 

30« 

IX 

yes 

(yes)* 

(yes)* 

30 

12« 

6« 

X 

yes 

42 

8.57* 

4.29- 

XI 

yes 

30 

12» 

6« 

XII 

yes 

12 
30 

30« 

15* 

XIII 

yes 
(yes)* 

(yos)* 

l^o 

6* 

XIV 

yes 

18 

30 
G 

IS 

48 

20« 

10* 

XV 

yes 

12' 
60* 

20" 

7.5* 

15* 

C* 

XVI 

30* 

XVII 

yes 

10* 

XVIII 

yes 

(yes)* 

(yes)* 

3.76* 

XIX 

yes 

(yes)* 

(yes)* 

24 
30 

7.6* 

XX 

yfe 

12* 

e« 

*  For  these  sets  field-reversing  switches  on  generator,  as  well  as  on  motor,  reduce  the 
•lUDbsr  o£  **  slips  "  required  to  give  correct  phase  relatiooa. 
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Tablb  op  Data  on  Synchronous  Motor-Generator  Sets. 

The  accompanying  Table  1  gives  the  data  on  some 
synchronoiis  motor-generator  sets.  There  is  practically  no 
limit  to  the  ntimber  of  combinations  of  freqt^encies  and 
phases  which  might  be  employed ;  the  endeavor  has  been  to 
make  the  table  representative  of  machines  already  constructed, 
and  of  a  few  sets  which  might  be  required.  The  frequencies 
listed  are  those  in  more  common  use  in  this  country.  Obviously, 
the  same  data  will  apply  to  machines  operating  between  25 
and  50  cycles  as  between  30  and  60  cycles,  etc.  It  is  also  evi- 
dent that  the  ratio  of  the  nimiber  of  poles  for  the  two  machines 
of  a  set  determines  the  special  features  affecting  operation;  so 
that  it  is  immaterial  as  far  as  this  table  goes  whether  a  set 
working  between  40  and  60  cycles  is  made  up  of  a  motor  hav- 
ing 4,  8,  or  12  poles,  provided  the  generator  of  the  set  has 
respectively  6,  12,  or  18  poles,  etc.  It  should  be  noted,  however, 
as  a  matter  affecting  the  cost  of  machines,  that  for  a  given 
frequency  ratio  there  is  a  minimimi  number  of  poles;  for  ex- 
ample, it  is  a  physical  impossibility  to  construct  a  set  for  work- 
ing between  25  and  60  cycles  with  less  than  10  poles  on  the 
motor,  giving  24  poles  on  the  generator.*  Such  a  set,  there- 
fore, must  necessarily  operate  at  300  rev.  per  min.  In  the 
smaller  sizes  this  speed  means  a  machine  of  more  cost  than  one 
of  the  same  kilowatt  output  with  fewer  poles  and  operating  at 
a  higher  speed.  For  this  reason,  where  it  is  not  deemed  essen 
tial  to  have  the  exact  ratio  of  25  to  60  cycles,  the  combination 
of  a  4-pole  motor  with  a  10-pole  generator,  which  gives  62.5 
cycles,  is  frequently  used.  In  some  cases,  for  reasons  of  engine 
regulations,  etc.,  it  is  desired  to  have  a  frequency  under,  rather 
than  over,  60  cycles;  in  this  case  a  set  having  a  6-pole  motor 
and  a  14-pole  generator  is  used,  which  supplies  58§  cycles, 
with  25  cycles  on  the  motor. 

Table  I  gives  the  number  of  cycles,  phases,  poles,  and 
rev.  per  min.;  the  ratio  of  motor  frequency  to  generator  fre- 
quency; the  chance  of  the  generator  phase  relations  being  cor- 
rect for  parallel  connection  when  the  set  is  started  from  the 
synchronous  motor;  the  proper  equipment  of  field-reversing 
switches  when  this  method  of  securing  correct  phase  relations 
is  to  be  used;  the  possible  number  of  phase  positions  at  the 
generator    by    using   all   the   different    combinations   of     con- 

♦An  **  inductor  alternator"  type  of  set  might  have  5  and  12  poles. 
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nections  on  both  machines  of  importance  when  the  set 
is  installed,  but  once  the  proper  connections  have  been 
made,  shotild  not  be  confused  with  the  colimin  giving 
the  number  of  chances  in  regular  operation  of  phase  relations 
being  correct  on  the  first  trial.  The  last  two  colimins  give  the 
number  of  degrees  of  phase  between  all  the  different  points 
obtained  by  combinations  of  connections,  and  the  maximtmi 
possible  difference  in  phase  degrees  which  may  be  fotmd  be- 
tween the  generators  of  two  sets — due  either  to  different  manu- 

TABLE  II. 

Phasb  Diffbrbncbs  at  Gbnbrator  or  thb  Synchronous  Sbt. 

Motor,  10  poles,  25  cycles,  3  phase,  300  rev.  per  min.     Generator,  24  poles,  60  cycles,  3  phase. 


Syn. 

Motor 

Field. 

Gen.  Leads  1-2-3. 

Gen.  Leads  2-3-1. 

Gen.  Leads  3-1-2. 

Gen  Field 
Reversed. 

Gen.  Field 
Reversed. 

Gen.  Field 
Reversed. 

+ 

0» 

\W 

120* 

300* 

240« 

60«(420) 

— 

72 

252 

192 

12  (372) 

312 

132 

+ 

144 

324 

264 

84 

24(384) 

204 

— 

216 

36(306) 

336 

156 

96 

276 

+ 

288 

108 

48(408) 

228 

168 

348 

— 

0(360) 

180 

120 

300 

240 

60(420) 

NoTB!  No  additional  positions  obtained  by  interchanging  the  motor  leads;  288®  and  216* 

already  obtained. 


Order  of  Motor 
Leads. 

Degrees 
Motor. 

Corresponding  Degrees 
Grenerator. 

1-2-3 
2-3-1 
8-1-2 

0« 

120« 
240*» 

0« 
2880 
216* (576) 

facture,  or  to  mistakes  and  errors  in  designing,  winding,  and 
machining.  The  number  of  degrees  in  this  last  colimin  is,  ob 
viously,  one-half  the  number  of  degrees  in  the  preceding  column. 
The  table  of  data  on  the  above  machines  might  be  extended 
to  indicate  the  connections  for  each  of  the  different  positions. 
It  is  thought,  however,  that  if  these  data  are  given  for  a  single 
machine,  corresponding  figures  for  any  other  machine  can  be 
worked  out  with  little  difficulty.  The  set  chosen  to  illustrate 
this  is  the  10-polc  —  24-pole  combination  working  between 
25  and  60  cycles:    see    Table  II.       Assimiing    that    the    gen- 
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erator  leads  are  connected  in  the  order  1-2-3,  and  the  motor 
leads  in  the  order  1-2-3,  the  first  column  gives  the  phase  differ- 
ences obtained  by  successively  reversing  the  motor  field.  As- 
suming that  the  phase  relation  is  proper  at  the  outset,  a  re- 
versal of  the  motor  field  would  give  a  phase  displacement  of 
72°.  the  next  reversal  144°,  the  next  216°.  the  next  288°,  and 
the  next  3G0°,  which  is  equivalent  to  zero  degrees;  or,  in 
other  words,  we  have  come  round  to  the  second  correct  po- 
sition. For  each  of  these  phase  positions  obtained  by  reversing 
the  motor  field  there  is  a  corresponding  phase  180°  removed, 
obtained  by  reversing  the  generator  field.  This  gives  the 
second  column  of  figures,  180°,  252°,  324°,  36°,  108°.  If  the 
motor  leads,  instead  of  being  in  the  order  1-2-3,  are  connected 
in  either  order  2-3-1,  or  3-1-2,  for  this  particular  set  there  will 
be  no  additional  phase  positions  obtained;  that  is,  120°  change 
in  phase  at  the  motor  by  thus  interchanging  the  leads  results 
in  2.4  times  as  many  degrees  change  at  the  generator.  This 
is  288°,  which,  by  referring  to  Table  II,  is  found  to  be  iden- 
tical with  one  of  the  points  already  obtained  by  successively 
reversing  the  motor  field.  However,  for  the  generator,  changing 
the  leads  from  the  order  1-2-3  to  2-3-1,  gives  a  phase  difference 
of  120°,  which  is  a  new  phase  position,  and  for  this  connection 
we  obtain,  the  column  120°,  192°,  264°,  336°,  48°,  by 
reversing  the  motor  field.  For  each  of  these  phase  positions 
there  is  the  corresponding  one  180°  removed,  obtained  by  re- 
versing the  generator  field,  giving  the  column  300°,  12°,  84°, 
156°,  228°.  Similarly  interchanging  the  generator  leads  to  the 
order  3-1-2,  enables  us  to  obtain  the  phase  positions  240°, 
312°,  24°,  96°,  168°,  and,  as  before,  for  each  of  these  positions 
by  reversing  the  generator  field  we  obtain  the  last  column, 
60°,  132°,  204°,  276°,  348°.  Collecting  these  figures  and  ar- 
ranging them  in  order  shows  that  there  are  30  different  phase- 
positions  differing  by  12°. 

If  a  similar  table  is  worked  out  for  each  of  the  sets  in  the 
table,  it  will  be  found  that  for  some  no  additional  phase  posi- 
tions are  obtained  by  interchanging  the  motor  leads.  For  other 
sets  the  same  results  are  obtained  by  interchanging  the  motor 
leads  as  by  interchanging  the  generator  leads.  It  is,  therefore, 
immaterial  with  such  sets  which  machine  is  selected  for  making 
the  changes. 

Still  other  sets  give  a  difTcrcnt  scries  of  figures  for  changes  in 
the  motor  leads  from  the  figures  obtained  for  changes  in  the 
generator  leads. 
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As  an  example  of  the  method  of  using  this  table  let  ns  follow 
through  set  VII  for  working  between  25  and  58§  cycles,  both 
the  generator  and  the  synchronous  motor  being  assumed  as 
three-phase  machines.  See  Fig.  11.  The  nimiber  of  poles  is 
6  for  the  motor  and  14  for  the  generator,  requiring  the  set  to 
run  at  a  speed  of  500  rev.  per  min.  The  ratio  of  the  poles, 
also  the  frequency,  is  2J.  If  started  from  the  synchronous 
motor,  there  is  one  chance  in  six  that  the  generator  will  be 
in  proper  phase  relation  for  parallel  connection  to  the  other 
sets.  The  proper  phase  relations  must  be  obtained  by  a  field- 
reversing  switch  on  the  motor,   five  reversals  being  reqtiired 


Fig.  11. — Synchronous  Motor-Generator  Set  with  Direct-Connected  Ex- 
citer. 300  h. p.  Motor,  25  cycles,  3  phase,  6  poles,  500  rev.  per  min.; 
2()0-kw.  Generator,  58§  cycles,  3  phase,  14  poles. 


in  the  worst  position.  If  a  field-reversing  switch  is  also  pro- 
vided for  the  generator,  but  two  reversals  of  the  motor  field 
will  be  necessary  in  the  worst  positions. 

The  combinations  of  generator  and  motor  main  lead  and 
field  connections  with  this  set  give  IS  phase  positions  on  the 
generator,  each  20  degrees  apart.  Therefore,  if  it  is  found  that 
there  is  a  phase  difTcTcnce  between  two  generators  greater  than 
10°,  the  best  combination  of  connections  has  not  been  made, 
and  this  point  should  be  attended  to  before  any  mechanical 
changes  are  made.  When  the  phase  difference  has  been  brought 
down  to  10°,  or  less,  if  this  diffTcncc  is  found  to  affect  the 
division  of  load  appreciably,  any  further  change  must  be  some- 
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thing  that  will  affect  the  mechanical  relation  of  one  machine 
with  respect  to  the  other.  If  the  difference  is  small,  this 
may  be  accomplished  by  means  of  changing  the  shims  under 
the  machines,  large  differences  being  corrected  at  the  coup- 
ling, in  case  there  is  one,  as  in  Fig.  12;  or  on  some  of  the  later 
machines  designed  for  this  purpose,  by  rotating  the  stationary" 
element  the  required  nimiber  of  degrees.  Such  an  adjustable 
set  is  shown  in  Fig.  13. 

Division  of  Load  with  Phase  Displacement. 
Fig.  14  shows  the  interchange  of  load  between  two  similar 
500'kw.  sets  working  between  25  and  60  cycles.     This  curve 


Fig.  12. — Synchronous  Motor-Generator  Set  with  Shaft  Coupling. 
Motor,  25  cycles,  3  phase,  8  poles,  375  rev.  per  min.;  400-kw.  Gener- 
ator. 62J  cycles,  2  phase,  20  poles. 

gives  the  wattmeter  readings,  showing  interchange  of  load 
between  the  two  60-cycle  machines  when  connected  in  parallel 
with  a  given  phase  displacement.  The  30  different  phase 
positions  were  obtained  by  changing  connections,  as  outlined 
previously.  The  wattmeter  readings  were  obtained  from  poly- 
phase instruments,  and  during  the  test  the  excitation  of  the 
synchronous  motor  was  held  so  as  to  keep  the  power-factor 
indicator  at  100%;  the  generator  voltage  was  held  at  normal, 
2  300  volts,  by  changing  field  excitation  as  required  by  the  load. 
It  will  be  seen  that  the  curve  does  not  cross  the  base  line  at 
zero  degrees,  these  being  machines  which  have  been  referred 
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to  in  another  part  of  the  paper  as  having  an  initial  phase  dis- 
placement, due  to  slight  errors  in  machining,  of  approximately 
four  degrees. 

Miscellaneous. 
flHiere  a  number  of  synchronous  motor-generator  sets  are 
operated  from  the  same  exciter  bus-bars,  a  reversal  of  exciter 
polarity  will  affect  all  the  sets  in  the  same  manner,  and  hence  will 
give  no  trouble.  It  shotild  be  noted,  however,  that  when  the  ma- 
chines are  provided  with  individual  direct-connected  exciters,  or 


Fig.  13. — Synchronous  Motor-Generator  Set.  Stationary  Annature  of 
Motor  is  Adjustable.  Motor,  40  cycles,  3  phase,  12  poles,  400  rev.  per 
min.;  1000-kw.  Generator,  60  cycles,  3  phase,  18  poles. 


when  two  or  more  sub-stations  are  operated  in  parallel,  a  reversal 
of  one  exciter  may  seriously  interfere  with  the  ability  to  con- 
nect this  machine,  or  the  entire  sub-station  in  parallel  with 
others.  This  point,  like  many  others  in  connection  with  these 
sets,  does  not  hold  for  all  the  different  combinations  of  fre- 
quencies; but,  unless  borne  in  mind  and  understood,  may  be 
a  source  of  sudden  inability  to  make  use  of  a  machine  for 
carrying  the  load. 

It  has  been  previously   noted   that    the    generator  of  a  set. 
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before  connection  to  the  bus-bars,  has  a  tenninal  electromotive 
force  in  advance  of  the  bus-bars,  or  machines  already  under 
load.    This  means  that  with  the  usual  method  of  procedure. 


> 

\ 

\ 

1 

—  A'v^ 

\ 

«-A 

2n 

ftiiL 

^ 

^ 

1* 

\ 

OtSj^  — 

V 

•We 

1/7 

\ 

V 

Li  ^ 

\ 

f 

\ 

N 

,^ 

\ 

\ 

L, 

\ 

_0 

"^ 

/lA 

\ 

D& 

\ 

u 

QCi 

V 

> 

V, 

\ 

y 

V 

\ 

V 

^o 

\ 

\, 

— 

\ 

f 

1 

V 

w 

\ 

^t 

\ 

^/ 

\ 

p 

^ 

^ 

i 

i 

( 
( 

! 

! 

,ftf^ 

1 

.^^^ 

J«^ 

w     1 

>^^ 

W        1 

y*itf 

r 
7  r£ 

^/t* 

V  •/ui/yiwitv 

r"/ 

^'e/«?lp 

^o/ 

^'A4J^ 

0V5 


o 


k 

to 


21 
0 


at  the  instant  of  connecting  the  machine  to  the  bus-bars,  it 
has  a  tendency  to  take  momentarily  more  than  its  share  of 
the  load.  In  practice,  however,  this  is  not  found  to  be  a  serious 
objection,  although   it  might   be   obviated   in   various  ways; 
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for  example,  a  reactive  coil  in  the  motor  leads  would  allow 
sufficient  phase  difference  between  the  motor  bus-bars  and  the 
motor  itself  to  give  the  same  phase  relation  at  the  generator 
terminals  as  at  the  generator  bus-bars.  After  connecting  the 
generator  to  the  bus-bars  the  reactance  can  be  gradually  cut 
out;  or,  if  left  in,  could  be  used  to  permit  a  change  in  division 
of  load  by  adjusting  the  motor-field  excitation.  If  the  gen- 
erator is  connected  to  its  bus-bars  before  the  motor  is  connected 
to  its  bus-bars,  the  set  will  settle  down  to  its  proper  division 
of  load  by  the  reverse  process;  that  is,  instead  of  first  taking 
more  than  its  share  of  the  load  and  then  settling  down,  the 
generator  will,  for  a  short  interval  of  time,  act  as  a  motor  and 
gradually  assume  its  proper  load  as  a  generator.  It  should 
also  be  noted  that  there  will  be  a  given  excitation  for  an  in- 
coming generator,  which  will  give  a  minimum  disturbance  on 

TABLE  III. 
Bffbct  of  Cbanoino   Excitation   of   Synchronous   Motor  on  Division  of    Load. 


Total  Load. 

MOTOR-GENERAT 

OR  NO.  6. 

MOTOR-GENERAT 

OR  NO.  6. 

Power-factor  at 
Syxi.  Motor. 

Load  on 

Power-factor  op 
Syn.  Motor. 

Load  on 
Generator. 

880  lew. 

872  lew. 

873  lew. 

1.00 

0.00  weak  field 

0.06  strong  field 

440  lew. 
807  lew. 
486  lew. 

1.00 

0.06  strong  field 
0.00  weak  field 

440  kw. 
475  kw. 
387  kw. 

the  system,  and  this  excitation  having  been  found  experi- 
mentally, there  should  be  no  appreciable  flicker  in  the  lights 
while  connecting  the  new  machine. 

An  interesting  condition  that  might  arise  with  sets  in  which 
the  ratio  of  frequency  is  quite  large,  would  be  a  phase  dis- 
placement of  180®  or  more  between  the  set  under  load  and  the 
set  tinder  no-load.  This  might  occur  with  a  set  operating 
between  25  and  125  cycles;  as  an  angular  lag  of  30° on  the  motor 
end  would  mean  150°  on  the  generator  end,  and  an  additional 
angle  of  30°  in  the  generator  itself  would  give  180°.  Under 
these  conditions  it  would  be  impossible  properly  to  parallel 
the  set  tuider  no-load  with  the  set  carrying  a  load,  except  by 
some  manipulation  which  would  reduce  the  angle  to  less  than 
180°.  One  way  of  accomplishing  this  would  be  to  connect  an 
artificial  load  on  the  set  to  be  placed  in  service. 

Some  change  in  the  division  of  load  between  sets  may  be 
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effected  by  changes  in  excitation  of  generator,  or  motor,  or 
both.  Such  means  of  securing  division,  however,  is  not  to  be 
recommended;  it  is  done  at  the  expense  of  leading  or  lagging 
currents,  with  consequent  increased  heating  losses. 

Table  III  shows  the  effect  on  division  of  load  between  two 
similar  500-kw.  sets  as  a  result  of  changing  the  excitation  of 
synchronous  motors.  The  stronger  the  field  of  the  synchronous 
motor  the  less  will  be  the  angular  lag  for  a  given  load,  and, 
consequently,  increasing  excitation  of  the  motor  tends  to  make 
the  set  carry  more  than  its  share  of  the   load. 

The  present  general  tendency  toward  extension  and  consolida- 
tion means  that  more  and  more  systems  will  touch  and  overlap 
their  neighbors,  which  may  have  started  at  different  frequencies. 
We  can,  therefore,  look  for  an  increasing  use  of  the  synchronous 
motor-generator  set. 
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Discussion  on  "  Some  Features  Affecting  the  Parallel 

Operation  of  Synchronous  Motor-Generator  Sets," 

AT  New  York,  March  23,  1906. 

W.  L.  Waters:  In  the  operating  of  synchronous  motor- 
generators,  my  own  experience  has,  unfortunately,  not  shown 
quite  such  simple  results  as  those  indicated  by  Mr.  Taylor. 
One  installation  of  synchronous  motor-generators  will  work 
very  well,  the  machines  will  divide  their  load  properly,  and 
the  load  can  be  changed  from  one  machine  to  another  by 
means  of  the  field  rheostat;  while  another  installation  which 
is  apparently  very  similar  will  give  considerable  trouble,  even 
after  the  machines  are  lined  up  and  the  connections  correctly 
made.  Suppose  a  500-kw.  machine  is  running  on  full  load  and 
a  second  machine  is  thrown  in,  then  this  second  machine  might 
take  40%  of  the  load  or  it  might  take  60%;  and  as  further 
load  comes  on  the  machines,  it  may  be  divided  proportionately 
between  them,  or  it  may  not.  The  results  obtained  from  the 
machines  seem  to  be  different  every  time  the  machines  are  thrown 
together.  The  reason  for  this  is  not  particularly  clear,  but  «t 
has  been  suggested  that  the  explanation  is  to  be  found  in  the 
different  condition  of  the  outside  circuit  and  of  the  load  at  the 
time.  Most  of  these  machines  carry  a  load  which  is  by  no 
means  balanced.  The  distribution  system  being  three  single- 
phase  circuits  rather  than  three  phase.  The  result  of  this  is 
that  there  may  be  very  bad  conditions  of  unbalancing,  both 
of  load  and  power-factor,  between  the  different  phases,  and  that 
these  conditions  may  vary  widely  from  time  to  time. 

Referring  to  Mr.  Taylor's  vector  diagrams,  it  will  be 
noticed  that  he  considers  that  the  effect  of  the  internal 
reactions  in  an  alternator  can  be  represented  by  a  single  vector 
whose  magnitude  is  proportional  to  the  current  in  the  armature, 
and  independent  of  the  phase  of  that  current.  Referring 
specifically  to  Figs.  3  and  4,  this  means  that  the  vector  **  in- 
ductive and  demagnetizing  drop  "  is  constant  in  magnitude, 
and  independent  of  the  power-factor  of  the  load.  This  is  a 
pure  assumption,  and  this  assumption  may  possibly  explain 
some  of  the  peculiar  results  mentioned  above.  Mr.  Taylor's 
assumption  is  equivalent  to  the  statement  that  if  there  are  two 
alternators  for  which  the  angle  (^)  is  the  same  on  unity  power- 
factor,  then  it  will  be  the  same  for  these  two  machines  on  all 
power-factors,  This,  I  think,  is  by  no  means  always  the  case. 
Assuming,  then,  that  this  is  not  necessarily  true,  we  have  at 
once  an  explanation  of  the  apparently  contradictory  experi- 
mental results  mentioned  above.  And  we  can  say  that  though 
two  synchronous  motor-generators  may  divide  their  load  per- 
fectly on  a  balanced  load  of  unity  power-factor,  it  does  not 
necessarily  follow  that  they  will  distribute  their  load  so  well 
when  that  load  is  unbalanced  and  of  a  lower  power-factor. 

Mr.    Taylor  points  out  the   important  fact  that  when   two 
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synchronous  motor-generators  are  thrown  together,  they  are 
not  strictly  in  phase;  by  the  synchronoscope,  the  incoming 
machine  is  shown  to  be  leading.  The  station  operator  often 
thinks  that  this  difference  in  phase  results  from  the  machines 
not  being  correctly  set  up,  and  that  this  is  the  cause  of  some  of 
the  peculiar  results  obtained.  The  way  to  find  out  whether 
the  machines  are  set  up  and  connected  correctly  is  to  parallel 
them  on  no  load;  in  that  case,  with  correct  motor  excitation, 
there  should  be  no  difference  in  phase. 

Referring  to  the  starting  of  these  machines,  I  think  the  old 
method  of  reversing  the  field  of  the  motor  is  unnecessarily  severe 
on  the  machines.  Though  modem  machines  will  stand  this 
without  damage  it  is  always  poor  practice  to  put  any  un- 
necessary strain  on  any  machine.  I  think  Mr.  Taylor's  method 
of  using  a  synchronoscope  with  two  pointers  is  much  superior. 

I  think  that  the  subject  of  synchronous  motor-generator 
sets  is  still  one  in  which  practical  results  are  more  valuable 
than  theoretical  explanations,  and  this  paper,  though  perhaps 
not  exhaustive,  will  certainly  give  something  standard  to  work 
from  in  the  future. 

J.  B.  Taylor:  Mr.  Waters  objects  to  the  use  of  a  reversing- 
field  switch  in  connection  with  a  synchronous  motor.  I  think 
a  little  consideration  will  show  that  this  objection  is  not 
valid.  Every  synchronous  motor  must  go  through  this  pro- 
cess of  "  slipping  '*  at  times;  that  is  to  say,  it  locks  in  synchron- 
ism, and  when  the  field  is  excited  there  is  one  chance  in  two 
that  the  motor  will  slip  a  pole. 

Furthermore,  in  the  practical  operation  of  a  synchronous 
motor-generator  set  the  slipping  is  done  while  the  set  is  connected 
to  the  starting  taps,  so  that  the  increase  in  current  and  strain 
on  the  machine  is  not  great.  Since  every  synchronous  motor 
must  slip  at  times,  and  this  method  of  phasing  means  that  the 
motor  may  have  to  slip  two  or  three  times  in  succession,  it  will 
not  hurt  the  motor,  as  it  must  be  constructed  so  that  it  will 
stand  the  work  year  in  and  year  out. 
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THE  RELATION  OF  LOAD-FACTOR  TO  THE  EVALUA- 
TION OF  HYDROELECTRIC  PLANTS. 


BY  S.  B.  STORER. 


The  value  of  any  water-power  plant  is  due  primarily  to  its 
earnings,  with  earnings  dependent  on  the  market  for  its  output, 
and  secondarily  to  the  type  and  quality  of  the  apparatus  in- 
stalled and  of  the  development  as  a  whole.  In  the  case  of 
plants  that  are  in  process  of  development,  or  that  are  only 
partly  loaded,  the  value  is,  of  course,  more  or  less  of  a  specula- 
tive nature,  and  is  estimated  on  the  basis  of  possible  and  prob- 
able income.  Prospective  earnings  as  well  as  actual  earnings 
necessarily  rely  on  selling  an  amoimt  of  power  equal  to  the 
maximum  or  the  ultimate  capacity  of  the  development;  and 
the  ntmiber  of  hours  per  day  during  which  the  maximtun 
capacity  can  be  utilized  is  a  definite  factor  in  deciding  the  price  at 
which  the  power  is  sold.  This  is  equivalent  to  saying  that  earn- 
ings depend  on  the  load-factor,  where  that  is  considered  as  the  ratio 
between  the  average  output  of  the  station  and  its  rated  capacity. 
Carried  to  the  extreme,  zero  load-factor  means  no  market  for 
the  power  and  consequently  no  value  to  the  plant.  The  type 
or  class  of  installation,  whether  good,  bad,  or  indifferent,  does 
not  affect  such  valuation,  for  the  reason  that  the  plant  repre- 
sents nothing  as  to  earning  power. 

Few  large  hydroelectric  plants  exist  to-day  the  values  of 
which  are  not  to  a  considerable  extent  spectilative  or  problemat- 
ical, owing  to  their  operating  at  an  output  somewhat  below 
their  rated  or  their  ultimate  capacity.  In  some  cases  it  has 
been  so  difficult  to  find  a  market  for  power  that  plants  have 
passed  through  reorganizations  with  a  resultant  heavy  loss  to 

13d 


140 


STORER:  HYDROELECTRIC  PLANTS.        [March  23 


investors,  and  still  are  unable  to  show  any  profit  or  even  to  pay 
operating  expenses,  though  power  may  be  offered  at  rates  so 
low  as  to  be  ridiculous  when  compared  with  the  cost  of  gen- 
erating it  from  coal  or  gas.  No  large  water-power  development 
succeeds  in  marketing  its  output  except  through  a  reduction 
in  its  selling  price  to  a  point  very  much  below  that  at  which 
it  could  be  produced  from  coal.  Generally  the  load  is  obtained 
from  a  combination  of  low-priced  power  at  the  generating 
end  with  an  additional  load  obtained  by  transmitting  some 
distance  to  a  market  that  will  bring  a  higher  price.  At  other 
plants  the  entire  output  is  carried  a  long  distance  before  a  suit- 
able market  can  be  found.  In  both  instances  the  cost  of  trans- 
mission lines  and  attendant  apparatus  should  be  added  to  that 
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of  the  power-house  development,  and  included  in  the  cost  of 
the  plant  as  a  whole ;  this  may  raise  the  price  of  power  to  such 
a  point  as  to  render  it  non-competitive  with  power  produced 
by  steam  or  by  gas. 

This  is  partictilarly  true  of  factories  having  low  load-factors, 
due  to  operating  only  8  or  10  hours  a  day,  and  in  such  cases  the 
necessary  income  can  only  be  obtained  through  the  sale  of 
surplus  power  during  the  hours  when  the  load  is  below  the  rated 
output  of  the  power  house.  Similar  conditions  are  well  known, 
as  they  have  been  faced  by  every  large  water-power  company. 
It  will  generally  be  found  that  the  most  successful  plants  com- 
mercially are  the  ones  that  have  the  highest  load-factor.  The 
ideal  load  is  one  that  remains  constant  throughout  the  24  hours, 
the  plant  consequently  putting  out  every   kilowatt-hour  with- 
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in  its  capacity.  Any  water-power  plant  loaded  in  this  way 
can  sell  power  at  a  price  very  much  below  its  cost  when  pro- 
duced by  steam,  and  still  leave  a  good  margin  of  profit  on  the 
investment. 

It  is  generally  conceded  that  the  only  object  in  developing 
a  water  power  is  to  generate  electrical  energy  at  a  cost 
much  below  that  of  generating  it  in  any  other  way,  and  users 
of  power  are  so  well  educated  to  this  fact  that  they  will  not  buy 
hydroelectric  power  unless  the  saving  effected  is  considerable. 
It  must  be  much  more  in  fact  than  that  for  which  they 
would,  for  any  other  purpose,  make  an  expenditure  several 
times  as  great  as  that  necessary  to  replace  other  prime 
movers. 

Comparing  the  cost  of  generating  hydroelectric  power  with 
that   from  coal  or  gas  is  somewhat  difficult,  but  the  general 
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method  to  be  followed  is  shown  graphically  in  the  curves 
given  herewith.  Figs.  1  and  2,  are  made  respectively  for  both 
-steam  plants  and  hydroelectric  plants,  and  show  the 
cost  of  production  per  horse  power  per  year  with  relation  to 
load-factor.  In  neither  of  these  cases  is  the  value  given 
from  an  actual  installation,  but  is  merely  an  approximation  indi- 
cating the  general  conditions  as  they  might  exist  in  any  well- 
built  power  house  of  a  rated  capacity  of  from  5  000  to  50  000 
horse  power.  The  principal  difference  between  the  two  curves 
is  due  to  the  introduction  of  the  variable  items  of  coal,  water, 
and  labor  in  the  steam  plant,  while  the  fixed  charges  in  both 
cases  form  the  base  of  the  area  included  under  the  curve. 
As  usual,  the  fixed  charges  include  interest,  depreciation, 
taxes,  and  insurance.  With  hydroelectric  plants,  the  operating 
expense  is  so  nearly  constant  as  also  to  become  practically  a 
fixed  charge.      The  item  of  repairs  is  really    the   only   variable 
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in  the  curve,  this  generally  being  considered  as  increasing  in 
direct  proportion  to  the  load-factor. 

By  superposing  the  two  curves,  as  shown  in  Fig.  3,  it  will  be 
seen  that  in  this  assumed  instance  they  cross  each  other  at  23% 
load-factor,  the  cost  per  horse  power  per  year  being  identical 
at  this  point.  At  load-factors  less  than  23%,  the  steam  plant 
has  the  advantage,  and  hydroelectric  power  must  be  sold  at  a 
loss  in  order  to  be  competitive.  At  all  load-factors  above 
23%,  however,  the  advantage  lies  with  the  hydroelectric  plant. 
The  relative  value  of  the  two  may  be  obtained  by  considering 
the  variables — coal,  water,  and  labor — of  the  steam  plant  as 
the  eqtiivalent  at  any  given  load-factor,  of  a  fixed  charge,  and 
by  capitalizing  this  at  a  rate  that  will  include  interest,  taxes, 
and  depreciation,  and  adding  it  to  the  first  cost  of  the  steam 
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plant  we  can  thereby  obtain  an  approximate  value  of  the  hydro- 
electric development. 

Making  the  comparison  in  another  way,  the  water  operating 
the  hydroelectric  plant  can  be  made  a  variable  following  the 
line  taken  by  the  coal  of  the  steam  plant,  and  by  capitalizing 
the  difference  between  the  two  curves  an  approximate  value 
of  the  potential  energy  of  the  water  can  be  obtained.  Due 
consideration  must  be  given  to  the  fact  that  at  load-factors  of 
less  than  23%  this  capitalization  is  negative  and  must  be 
taken  fmm  the  actual  cost  of  the  plant,  so  that  it  is  only  at  load- 
factors  above  23%  that  it  has  any  real  value.  In  addition,  the 
curve  representing  power  cost  from  the  steam  plant  must  be 
discounted  by  an  amount  corresponding  to  whatever  reduction 
must  be  made  in  hydroelectric  rates  to  effect  its  sale. 
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The  conclusion  is  that  in  all  places  where  the  flow  of  water  is 
constant  throughout  the  year  the  load-factor  determines  the 
earning  power,  and  hence  establishes  the  value  of  any  plant. 
Where  an  intermittent  or  insufficient  supply  of  water  may  be 
stored  and  Used  during  times  of  peak-loads,  at  a  rate  much  higher 
than  the  normal  flow  of  the  stream,  the  earning  power  is  not 
dependent  on  the  load-factor  to  so  great  an  extent,  but  such 
hydroelectric  plants  are  generally  of  small  capacity,  adapted 
for  lighting  purposes  only,  and  are  to  be  considered  as  an  ex- 
ception, to  which  the  above  method  of  evaluation  will  not  apply. 
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NOTES  ON  DESIGN  OF  HYDROELECTRIC  POWER  STA- 

TIONS. 
(With  Reference  to  the  Influence  of  Load-Factor.) 


BY  DAVID  B.    RUSHMORE. 


Hydroelectric  power  plants  are  designed  with  the  iiltimate 
object  of  being  producers  of  wealth.  All  factors  which  have 
any  bearing  on  fixed  charges,  cost  of  operation,  or  sale  of  power, 
must  be  considered.  At  the  time  of  designing,  operating  con- 
ditions cannot  be  known  definitely,  and  such  factors  as  amount 
and  distribution  of  load  can  be  considered  only  in  a  general 
way.  This  is  one  difference  between  most  water-power  and 
steam  stations.  When  the  plant  is  in  operation,  conditions  of 
load  are  constantly  undergoing  change.  It  is  therefore  gen- 
erally impossible  to  design  a  system  for  fixed  conditions,  and 
provision  must  be  made  for  a  certain  flexibility  of  operation 
and  for  future  growth.  Also,  costs  vary  widely  in  different 
places  and  are  confidential. 

The  distinguishing  feature  of  hydroelectric  installations  is 
the  special  character  of  all  conditions  and  apparatus.  Hy- 
draulic conditions:  amoimt  of  rainfall,  drainage -area,  run -off, 
stream  flow,  storage,  head  of  water,  speed  of  wheels  and  gen- 
erators— all  these  are  peculiar  to  the  particular  location.  Gen- 
erator and  transformer  capacities  and  voltages  are  always 
more  or  less  special,  while  the  systems  for  transmission  and 
distribution  of  power  arc  invariably  so. 

Definite  values  can  be  considered  therefore  only  with  regard 
to  a  particular  application,  and  a  discussion  of  the  subject  must 
be  confined  to  general  principles.  The  selling  price  of  power 
is  also  a   variable,   depending  on  the  particular  location  and 
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class  of    service,  and  this  is  the  criterion  by  which   the  de- 
sirability of  any  development  must  ultimately  be  judged. 

The  two  factors  of  prime  importance  are  reliability  of  service 
and  commercial  considerations.  Reliability  of  service  may  be 
obtained  from  a  system  all  of  the  separate  parts  of  which  do 
not  possess  this  characteristic;  but  if  the  supply  of  power  is 
unreliable,  the  sale  of  power  is  impossible  and  no  commercial 
considerations  will  exist  to  be  considered. 
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Duplication  of  apparatus  and  isolation  of  troubles,  combined 
with  the  best  construction  and  protective  devices,  are  the 
principles  employed  to  obtain  continuous  operation.  Duplicate 
ditches,  regulating  reservoirs,  multiple  pipe-lines,  generator  and 
transformer  unit  combinations,  instantaneous  automatic  scc- 
tionalizing  switches,  and  duplicate  bus-bars  and  transmission 
lines,  together  with  j^roperly  applied  relays — arc  the  means 
used  to  prevent  Interruption   of  scrvdce.     Additional  securitv 
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IS  gained  where  a  number  of  power  stations  feed  into  the  same 
transmission  network,  as  in  many  western  systems.  In  such 
instances  any  power  house  in  trouble  can  be  cut  off  entirely. 
Steam  auxiliaries  at  the  receiving  end,  supplying  part  of  the 
load  while  floating  on  the  system  and  possessing  large  overload 
capacities,  as  used  at  Los  Angeles  and  Schenectady,  are  in- 
surance against  disabilities  from  line  troubles. 

The  modem  tendency  is  decidedly  in  favor  of  transferring 
the  charges  for  maintenance  and  repairs  to  the  interest  column, 

Nee. 


Fig.  2. 


by  adopting  more  expensive  eonstruction  with  greater  mar- 
gins of  safety.  This  is  shown  by  the  substitution  of  tunnels 
for  flumes  and  ditches,  and  of  steel  towers  for  wooden  poles, 
which  is  well  illustratc^l  in  the  new  Kern  River  development 
of  the  Edison  Electric  Company  of  Tx)s  Anc^eles,  where  the 
length  of  tunnels  is  thrt^e-fourths  of  the  distance  over  which 
the  water  is  carried;  and,  in  a  coiintr\'  particularly  adapted 
for  use  of  wooden  ])olc's,  the  line  is  to  be  carried  115  miles  on 
steel  towers.  The  factor  of  safety  in  insulators  is  also  wisely 
being  raised. 
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Type  of  Plant. 
Hydroelectric  installations  naturally  divide  into  somewhat 
clearly  defined  classes,  depending  upon  conditions.  The  west- 
em  high-head  plant,  with  great  fluctuations  in  stream-flow 
and  with  long  ditches  and  pipe-lines,  containing  but  few  units 
and  feeding  into  a  high-tension  network,  is  under  different 
conditions  from  a  low-head,  many-unit,  single-plant  installation 
delivering  power  over  short  distances  or  to  a  single  point. 
Reliability  of  service  is  not  of  such  great  importance  in  irriga- 
tion pumping  as  it  is  in  the  lighting  supply  of  a  large  town. 
This  is  not  always  recognized  in  the  discussion  of  comparative 
advantages  of  small  complications  necessar\^  to  obtain  reli- 
ability of  service  as  compared  with  extreme  simplicity  and  home- 
made   switching   apparatus.     Conditions    which    have    proved 
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satisfactory  under  conditions  in  the  West  could  not  be  con- 
sidered for  systems  which  never  allow  current  off  the  system. 

Relation  of  Station  Capacity  to  Stream  Flow. 

The  majority  of  plants  have  a  rated  generator  capacity  be- 
tween maximum  and  minimum  stream-flow.  As  at  Niagara, 
the  plants  may  be  below  stream-flow  at  all  times,  and  some 
developments,  especially  when  Replacing  steam  plants  which  are 
held  as  a  reserv^e,  may  have  a  rated  capacity  of  approximately 
maximum  flow.  If  coal  is  high,  power  is  dear;  if  power  is 
cheap,  coal  is  low,  so  that  a  steam  auxiliary  is  always  desirable 
if  its  use  will  materially  increase  the  amount  of  power  that 
can  be  sold. 

The  nimiber  of  plants  to  the  system  and  the  distribution  of 
plants  on  different  watersheds  materially  affect  conditions  of 
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design  and  operation.  A  single  plant  with  all  the  power  trans- 
mitted to  one  place  represents  the  most  severe  conditions; 
many  plants,  widely  separated,  on  different  watersheds,  with 
steam  auxiliaries  and  widely  distributed  use  of  power,  the  most 
favorable  so  far  as  load  conditions  are  concerned.  The  type 
of  construction  is  different  for  high  and  low  heads  and  for 
few  and  many  units.  A  pecidiar  feature  of  high-head  building 
construction  is  the  omission  of  openings  on  the  hillside  to  pro- 
vide for  breaks  in  the  pipe-line  which  sometimes,  though  very 
rarely,  occurs. 
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The  presence  or  absence  of  steam  or  water  auxiliaries,  and 
the  use  of  hydraulic  or  electrical  storage,  influence  distin- 
guishing features  in  design,  such  as;  1.  rated  and  overload 
capacities;  2.  nimiber  of  units;  3.  types  of  wheels;  4.  duplication 
of  apparatus;  and  5.  reserve  units. 

The  class  of  service  has  an  important  bearing  on  the  system 
of  control.  Where  conditions  of  contract  do  not  severely 
penalize  trouble,  much  simpler  arrangements  can  be  used  than 
where  it  is  demanded  that  no  expense  be  spared  to  insure 
against  interruptions. 
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Load-Factor  AND  Load  Curves. 
Upon  the  exact  definition  of  load-factor  there  is  lack  of 

average  output 


agreement.     It  will  here  be  called 


No  defi- 


maximum  output 

nition  is  satisfactory  for  all  classes  of  load  without  explanation. 
A  limit  on  the  time  of  peak-load  or  the  use  of  rated  capacity 
considerably  modifies  the  figure  obtained.    .  . 

Commercial  loads — nearly  always  mixed  in    character — can 
be    divided   into    railway,    lighting,    general    power,    pumping. 
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hoisting,  and  electrolytic.  These  have  seasonal,  as  well  as 
hourly  and  daily,  variation.  Railway  and  lighting  loads  are 
particularly  subject  to  abnormal  variations  from  unusual 
causes.  Both  have  large  peaks  over  certain  hours,  and  for  a 
part  of  the  day  approach  zero  load.  General  power-load  has 
an  even  curv^'e  for  nine  or  ten  hours  with  light  load  at  noon, 
and  is  then  off  entirely  or  very  light.  A  pumping  load  may 
be  ver>'  steady  and  continuous  over  the  day.  During  some 
seasons  the  pumps,  if  employed  for  irrigation  work,  may  be 
out  of  use  entirelv      Fire  ptunps  have  a  great  and  tmknown 
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load  variation  but  are  seldom  used  but  as  part  of  larger  loads. 
Hoisting  loads  are  extremely  variable  in  themselves,  but  the 
effect  on  the  system,  may.  be  smoothed  out  by  use  of  a  large 
nimiber  of  hoists,  or  by  the  proper  adaptation  of  fly-wheels 
and  methods  of  control.  'Electrolytic  loads  are  ideally  constant 
at  all  times. 

Machinery  must  be  installed  to  carry  the  peaks;  and  the 
determining  of  the  best  methods  of  meeting  large  load  varia- 
tions constitutes  the  problem  of  prime  importance  in  designing 
water  power  installations. 
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Hydraulic. 
Water  supply  is  extremely  variable.  The  annual  rainfall 
in  this  country  varies  from  0  inches  to  70  inches.  Less  than 
20  inches  gives  an  arid  region,  and  less  than  15  inches  requires 
irrigation.  From  0  to  50%  of  the  rainfall  may  appear  as  run- 
off, the  remainder  going  to  seepage,  evaporation,  and  vegeta- 
tion. Run-off  may  follow  rainfall  hours  or  days  or  months 
later;  in  case  of  snow,  depending  on  the  character  of  country, 
soil,  forests,  and  vegetation.  The  percentage  of  run-off  de- 
creases with  decrease  of  rainfall  and,  under  the  same  condi- 
tions, the  number  of  second-feet  per  square  mile  per  inch  of 
rainfall  decreases  with  increasing  area  to  watershed. 
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Stream-flow  varies  greatly  by  the  day,  season,  and  year,  but 
over  a  ntimber  of  years  it  averages  nearly  constant.  The  curve 
of  stream-flow,  especially  minimum  flow,  is  of  prime  importance 
in  water-power  development.  For  considerations  of  storage, 
the  load-factor  of  stream-flow  has  a  vital  bearing  on  the  amoimt 
'^nd  cost  of  development.  The  great  problem  of  hydraulic 
development  is  to  transform  the  daily  and  annual  stream  flow 
to  correspond  to  the  respective  load  curves. 

The  design  of  different  elements  is  determined  by  various 
limits,  some  of  which  are  but  indirectly  connected  with  the 
load-factor.  Water  conductors  should  primarily  be  of  suffi- 
cient capacity  for  the  worst  conditions — not  always  the  case. 
The  grade  of  ditches  may  vary  from  40  feet  per  mile  for  small 
ones,  to  10  feet  or  less  per  mile  for  large,  the  allowable  velocity 
depending  on  the  soil.  Velocities  should  be  sufficient  to  pre- 
vent the  growth  of  vegetation  in  ditches,  but  not  sufficient  to 
cause  erosion. 

The  capacity  of  water  for  carrying  sand,  etc.,  varies  as  the  sixth 
power  of  its  velocity,  and  small  decreases  of  velocity  cause 
deposition  of  suspended  matter — a  fact  made  use  of  in  sand 
boxes.  With  large  quantities  of  water,  it  may  be  cheaper  to 
replace  wheels  occasionally  rather  than  to  remove  sand.  In 
one  western  plant,  after  a  storm,  the  diameter  of  a  nozzle  was 
cut  from  3.5  inches  to  4.5  inches  in  an  hour  by  sand  in  the 
water. 

Erosion  wears  away  the  ditch,  with  a  possible  loss  of  20% 
or  more  in  seepage  through  a  stony  bottom.  Washes  frequently 
break  an  embankment,  the  most  annoying  and  expensive  re- 
pairs to  make.  Three  feet  per  second  is  the  average  figure  in 
many  western  ditches;  and  two  feet  is  necessary  in  some  fine 
soils.  This  figure  is  subject  to  much  variation.  The  loss  of 
head  in  water  conductors  might  be,  but  seldom  if  ever  is,  pro- 
portioned by  Kelvin's  law.  A  change  in  selling  price  or  oper- 
ating conditions  after  construction,  then,  would  be  followed  by 
mathematical  disaster.  Ditches,  as  actually  constructed,  are 
usually  in  exposed  places  on  the  sides  of  steep  mountains; 
they  are  costly  to  build  and  difficult  to  repair,  and  velocity 
of  erosion  is  a  limiting  feature.  It  is  estimated  that  California 
possesses  over  5  000  miles  of  ditches,  most  of  them  constructed 
originally  for  hydraulic  mining.  (The  plant  at  Elcctra  has  two 
ditches  of  21  and   19  miles  length,  respectively.) 

Velocities  in  flumes  may  range  from  8  to  20  feet  per  second; 
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one  flume  about  9  feet  wide,  falls  about  7  feet  per  mile;  another 
tt  feet  wide  has  a  grade  of  from  8.5  to  17.0  feet  per  mile,  depend- 
ing on  the  length  of  section.  Tunnels,  when  lined  with  con- 
crete, may  have  a  friction-coefficient  of  from  0.010  to  0.012. 
The  complete  cost  may  vary  from  $5.00  to  $6.00  per  cubic  yard, 
or  from  $20  to  $30  per  lineal  foot,  for  a  9-foot  tunnel.*  The 
coefficient  of  friction  with  rough  rock  walls  will  be  from  0.030 
to  0.035.  For  lined  ttmnels,  12.5  feet  per  second  is  given  as 
a  conser\'ative  velocity.  Velocities  much  higher  are  in  use  in 
short  lengths. 

Velocities  in  pipe  lines  are  limited  by  considerations  of 
cost,  efficiency,  safety,  and  regulation.  They  vary  from  3  to 
15  feet  per  second.     Wooden  pipes  with  low  velocities  are  often 
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Fig.  8. 

used  at  the  upper  ends,  but  the  greatest  loss  of  head  should 
occur  at  the  bottom  in  the  most  expensive  pipe.  The  thick- 
ness and  factor  of  safety  used  increase  with  the  head. 

For  considerations  of  freight,  pipe  lines  should  taper  to  allow 
proper  packing  by  nesting.  Cast-iron  pipe  is  never  now  installed^ 
although  in  use  in  a  number  of  early  plants.  For  all  high- 
pressure  work,  riveted  sheet-steel  pipe  is  now  universally  used. 

The  best  type  of  wheel  to  be  used  depends  upon  the  head, 
quantity  of  water,  speed,  and  range  of  load.  Turbine  wheels 
are  efficient  through  only  a  small  range  of  load,  and  under  high 
heads  are  not  easily  regulated.  In  general,  with  low  heads, 
large  quantities  of  water  and  a  number  of  generators  to  the 
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plant,  .turbines  are  used.  For  sihall  quantities  of  water,  high- 
head  impul^  wheels  are  employed.  ^  Improvement  in  light- 
load  efficieti.qy  and  some  reserve  against  breakdown  may  be 
obtained  by  motmting  impulse  wheels ;  on  both  ends  of  the 
generator  sh^ft.       , 

The  use  ot  impulse-wheels  of  the  Pelton  type  is  limited  by 
certain  featuires  of  design.  The  centre  of  buckets  should  run 
at  about  45%:  pf  the  spouting  velocity.  The  diameter  of  the 
wheel  should  ;oot  be  less  than  ten.  times  the  diameter  of  the 
jet,  and  this  ratio  should  preferably  be  15  or  18.     Also,  the 


Fig.  9. 


number  of  buckets  which  can  be  moimted  on  the  rim  has  an 
important  bearing. 

The  limiting  speed  of  turbine  wheels  is  not  so  clearly  fixed. 
Turbine  wheels  arc  more  flexible  in  design,  and  present  ten- 
dencies toward  high  speeds  and  large  units,  as  well  as  their 
application  to  higher  heads,  are  having  marked  effect  upon 
their  development.  The  best  type  of  wheel  for  a  particular 
installation  is  not  always  self-evident.  The  use  of  vertical  or 
horizontal  types  is  'still  a  matter  of  discussion  and,  under  the 
same  conditions,  both  types  are  installed,  as  at  Niagara.     Hori- 
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zontal  bearings  for  large  high-speed  units  become  abnormal, 
and  certainly  the  step-bearing  has  proved  its  reliability  on  the 
steam  turbine.  Impulse-wheels  may  be  used  with  vertical 
shafts  and  a  number  of  nozzles  applied  to  one  wheel.  The 
Necaxa  Plant  in  Mexico  is  an  example  of  this  construction. 

Vertical  shafts  give  a  better  operating  room,  requiring  less 
space.  Generators  and,  frequently,  wheels  also  are  cheaper; 
bearings  are  simple  and,  with  single  wheels,  have  many  attrac- 
tive features.  Small  units,  or  tmits  where  impulse  wheels  are 
used,  are  generally  horizontal. 


Fig  10. 


The  number  of  water-wheels  to  use  with  one  generator  is 
often  a  problem  in  low-head  installations.  With  horizontal 
units,  one  or  two  impulse-wheels  may  be  used  and  any  even 
number  of  turbines.  Fluctuating  heads  are  always  turbine 
propositions  and,  as  one  design  of  wheel  can  at  a  given  speed 
work  efficiently  through  only  a  limited  range  in  head,  a  number 
of  wheels  on  the  same  shaft,  for  use  at  different  times,  may  be 
necessary.  Overloads  can  be  carried  by  using  the  other  wheels, 
though  inefficiently.  The  character  of  the  load  needs  considera- 
tion in  this  regard. 
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Water-wheel  ^jenerators  have  always  been  designed  for  100% 
increase  in  speed,  an  unnecessarily  conserv^ative  figure.  In 
certain  types  of  plants,  subject  to  line  disturbances,  generators 
not  infrequently  run  away.  63%  increase  in  speed  has  been 
recorded  in  some  cases.  Of  course  this  value  depends  upon  the 
characteristics  of  the  particular  unit. 

Rated  and  Overload  Capacities. 
In  no  other  place  is  there  opportunity  for  the  display  of 
better  judgment  in  the  adaptation  of  a  plant  to  definite  as- 
sumed load  conditions  than  in  the  proper  subdivision  and  rating 
of  the  elements  of  plant  design.  These  principal  features  are 
reservoirs,    ditches,    fitunes,    pipes,    wheels,    generators,    trans- 
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Fig.  11. 


formers,  and  lines.  The  factors  especially  concerned  with  the 
conditions  of  load  arc:  1.  number  of  units;  2.  the  characteristics 
at  different  loads;  3.  the  limiting  conditions  in  the  design; 
4.  commercial  considerations  of  investment;  5.  repair  and  de- 
preciation charges;  6.  possibilities  for  meeting  future  conditions. 
For  large  developments  the  selection  of  reservoir  sites  and 
capacities  requires  special  investigation.  Often  several  main 
reservoirs  check  the  river  flow,  and  a  regulating  reservoir  at 
the  head  of  the  pipe -line  gives  constant  ditch-flow  and  carries 
the  load  temporarily  in  case  of  accident  to  the  water  supply. 
The  cost  of  storage  increases  with  the  head  and  often  decreases 
at  low  heads  for  increasing  capacities.  If  great  fluctuations 
in  stream-flow  obtain,  it  is  seldom  possible,  from  a  commercial 
standpoint,  to  store  all  the  water.     Where  development  ex- 
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ceeds  minimum  stream-flow,  there  arc  but  few  high-head  propo- 
sitions wherc  storage  is  not  desirable;  conversely,  in  many  low- 
head  installations  the  cost  of  storage  is  piDhibitive. 

Ditches,  flumes,  and  pipes  all  come  under  the  head  of  water 
conductors.  A  ntimber  of  installations  have  morc  than  one 
source  of  water  supply.  EiDsion  in  ditches  and  loss  of  head 
in  pipes  arc  the  usual  limits  of  design.  For  flumes  there  is  a 
grade  for  maximum  capacity  which,  if  exceeded,  decreases  the 
amount  of  water  that  can  be  carried ,  by  causing  a  wave  motion . 
The  load  conditions  have  much  to  do  with  allowable  velocities 


Fig.   12. 


in  pipes,  which  are  similar  in  principles  of  design  to  electrical 
conductors.  The  loss  of  head  at  maximvun  load  is  important. 
High  velocities  and  rapidly  var}''ing  loads  make  regulation 
difficult.  A  subdivision  of  the  pipe-line  is  desirable.  Pipe- 
lines for  high  heads  are  costly  and  investment  for  different 
arrangements  are  studied  before  a  final  decision  is  reached. 
Flumes  have  a  definite,  and,  at  times,  a  troubled  life.  Ditches 
need  repairs,  but  no  depreciation  charges.  With  pure  water, 
pipes  should  show  no  deterioration  if  properiy  protected. 

Wheels  and  generators  demand  careful  study  to  decide  the 
best  capacities.     The  size  of  the  generator  is  usually  indicated 
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by  some  conditions  in  the  proposition.  The  loss  of  one  tinit 
shotild  not  cripple  the  service.  The  generators  and  wheels 
shotild  operate  at  points  of  best  efficiency.  The  generator  and 
wheel  combinations  are  limited,  and  speeds  are  fixed  by  ntimber 
of  wheels,  type,  head,  and  output.  For  one-plant  systems  the 
number  of  generators  is  preferably  not  less  than  four  nor  more 
than  eight.  For  mtdtiple-plant  systems,  one  imit  to  the  station 
is  not  imcommon. 

When  no  strong  reasons  exist  for  doing  otherwise,  water- 
wheel  driven  generators  should  have  a  rating  of  40®  cent,  rise 
at  full   load  and   8%   regulation.     This  agrees  with  a   wheel 


Fig.   13. 


rating  for  4/5  gate.  A  greater  approach  to  standard  in  this 
is  very  desirable.  This  allows  for  23%  overload  on  peaks. 
There  is  no  reason  for  a  hi^^hcr  generator  rating  if  the  capacity 
docs  not  exist  in  the  wheel.  A  small  margin — about  10% 
of  gate — should  be  left  for  governing.  The  above  is  for  a  num- 
ber of  units  and  a  time  variation  of  load  not  greater  than  can 
be  cared  for  by  placing  in  operation  additional  units.  For 
suddenly-varying  loads  and  peaks  over  short  interv^als,  it  may 
be  desirable  to  have  a  wheel  rating  of  100%  in  excess  of  gen- 
erator. The  greater  the  number  of  imits,  the  smaller  this 
need  be.     In  some  cases  it  is  desirable  to  take  the  peaks  on  a 
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part  of  the  station  and  to  block  the  governors  on  the  remaining 
machines.  Transformer  ratings  are  usually  the  same  as  gen- 
erator, and,  when  possible  to  do  so,  it  is  often  desirable  to  make 
one  unit  of  the  two. 

Generators  for  a  given  output  have  a  speed  for  which  the 
cost  is  a  minimtmi.  Unless  peripheral  velocities  are  increased, 
raising  the  speed  does  not  decrease  the  active  material.  So, 
when  this  point  has  been  reached,  any  further  increase  calls 
for  mechanical  requirements  which  rapidly  increase  the  cost- 
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Water-wheels,  within  the   limit  of  generator  speeds,   decrease 
in  cost  with  increasing  speeds. 

Most  transmission  lines  are  designed  from  a  standpoint  of 
regulation  but  occasionally  a  case  arises  where  an  application 
of  Kelvin's  law  is  possible.  For  low-head  factors,  average 
losses  may  be  used.  A  large  number  of  equations  have  been 
developed  for  this  work  but  an  equality  of  interest  on  invest- 
ment and  value  of  lost  energy  is  w^hat  is  required.  Unless 
maximum  developments  are  installed,  ample  margins  in  all 
hydraulic  and  electrical  conductors  should  be  allowed  for  future 
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growth.     The  neglect  to  do  this  has  adversely  influenced  many 
developments. 

Efficiencies. 

The  cost  and  value  of  efficiency  in  power-plant  designing  is 
an  important  but  not  clearly  understood  subject.  The  rough 
approximation  usually  made  is  to  compare  the  selling  price  of 
the  increased  output  with  the  interest  charge  on  the  greater 
cost.  Where  the  saving  in  energy  can  be  sold,  as  is  usvially 
the  case,  a  higher  efficiency  in  water  conductors  means  a  greater 
output  and  a  greater  capacity  of  installed  apparatus  with 
higher  total  cost,  so  that  the  investment  charge  for  the  gain  in 
power  is  greater  than  usually  considered.  This  is  true  of  all 
parts  of  the  chain  of  energy  transformation. 

Generator  efficiency  curves  are  flat  beyond  half  load  and  are 
generally  slowly  increasing  at  overloads.  Above  half  load, 
variation  in  generator  efficiency  is  not  of  importance.  Turbines 
have,  however,  a  small  range  of  load  for  best  efficiency;  while 
the  curve  for  impulse-wheels  is  much  flatter.  Users  of  electrical 
apparatus  should  carefully  compare  characteristics  and  costs  of 
different  types  of  machines.  Cheapness  can  nearly  always  be 
obtained  by  the  sacrifice  of  quality. 

The  cost  of  efficiency  is  less  susceptible  of  determination 
than  the  value.  Water-wheels  can  be  made  of  the  best  effi- 
ciency by  designing  them  for  the  special  conditions,  instead 
of  using  standard  patterns,  and  by  the  employment  of  a  high 
grade  of  material  with  careful  finish.  The  life  can  be  increased 
by  use  of  expensive  metals  and  by  cleaning  the  water.  Wheels 
probably  differ  in  efficiency  much  more  than  electrical  appar- 
atus. Doubt  simply  implies  difficulty  in  hydraulic  testing  and 
scarcity  of  reliable  results. 

The  generator  efficiency  is  improved  by  using  more  copper 
and  iron  and  a  higher  grade  of  insulation.  Heating  or  regula- 
tion are  the  limits  in  design,  and  efficiency  must  be  good  with 
present  types.  A  cheaper  machine  can  be  obtained  with  greater 
energy  loss,  the  temperature  being  controlled  by  utilizing  an 
increased  windage. 

Transformer  costs  may  be  materially  reduced  by  lowering 
the  efficiency.  Low-efficiency  transformers  are  prone  tc^  a 
short  life  and  a  hot  one,  and  are,  as  a  rule,  much  less  desirable 
to  operate  than  to  buy.  There  is  a  theoretic:il  point  in  dc  si^j^n 
where  the  cost  increases  as  the  efficiency  gn)ws  poorer.  The 
efficiency  cur\-es  of  the  best  transformers  are  so  flat  that  it  \s» 
immaterial  at  what  }X)int  they  are  operated. 
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Storage. 

With  a  limited  water  supply,  storage  of  water  determines 
the  possible  development.  Variations  in  load  occur  by  the 
hour,  day,  season,  and  year.  Auxiliary  or  regulating  reser- 
voirs at  the  head  of  the  pipe-line  take  care  of  daily  peaks,  keep 
an  even  load  on  the  water  conductors,  and  serve  to  carry  the 
plant  over  temporary  ditch  troubles,  also  serving  as  sand- 
boxes. The  location  of  the  pipe-line  often  renders  storage 
at  this  point  impossible.  In  one  case,  a  flimie  of  large  dimen- 
sions is  used  for  peak  storage.  In  another,  the  water  supply 
to  a  flume  several  miles  in  length  is  cut  off  entirely  and  the 
total  stream-flow  used  for  another  station. 

Main  reservoirs  are  on  the  river  and  regulate  its  flow.  If 
these  are  of  sufficient  size,  the  total  run-off  can  be  used.  The 
Reclamation  Service  is  at  present  doing  a  great  work  in  water 
storage,  in  some  cases  over  a  term  of  years.  Snow  is  a  natui*al 
form  of  storage,  well  illustrated  at  Puyallup,  where  with  a 
great  variation  in  rainfall  a  nearly  constant  stream-flow  is 
obtained.  Forests,  vegetation,  and  the  soil  fill  the  function 
of  reservoirs.     Dams  aie  built  to  catch  the  underground  waters. 

For  suddenly  varying  loads,  as  in  railway  and  hoisting 
work,  a  fly-wheel  is  used  to  provide  for  instantaneous  peaks. 
Irrigation  laws  may  forbid  the  storage  of  water  on  old  ditches. 
Electrical  storage,  at  the  distributing  points,  bears  to  the 
electrical  system  the  same  relation  that  the  regulating  reser- 
voir does  to  the  hydraulic. 

Auxiliary  Plants. 
The  capacity  of  a  water-power  installation  can  usually  be 
largely  increased  by  the  use  of  steam  auxiliary  plants.  A 
steam  plant  can  supply  the  deficiencies  of  stream-flow,  can 
carry  peaks  in  any  season.  It  may  act  as  a  regulator  with 
steam  turbine  floating  on  the  lines,  the  hydraulic  generators 
nmning  under  constant  load;  it  may  act  as  a  reser\-e  in  case 
of  breakdown  on  line;  and  may  serve  to  furnish  the  wattless 
current  for  the  system,  allowing  other  machines  to  carry  greater 
overloads.  The  turbine  unit  may  be  run  idle  part  of  the  year 
as  a  synchronous  condenser,  or  may  float  on  the  line  as  such 
for  part  of  the  day  and*  deliver  energy  at  other  times.  Contracts 
for  supply  of  continuous  power,  with  severe  penalty  clauses, 
may  necessitate  the  installation  of  an  auxiliar\'  plant  at  the 
distributing  end  of  the  line.  Such  a  plant  is  now  being  installed 
at  San  Francisco. 
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With  improvements  and  reduction  in  cost  and  operating  ex- 
penses of  steam  generating  apparatus,  the  auxiliary  plant  be- 
comes of  increasing  importance  and,  in  some  instances,  threatens 
to  become  the  more  important. 

A  form  of  water-power  auxiliary  was  recently  suggested  in 
which  the  installed  generator  capacity  far  exceeds  the  normal 
flow  of  the  stream.  Water  is  stored  throughout  the  day  and 
the  plant  operated  for  but  a  few  hours  on  peaks  of  system. 

Curves. 
The  curves  used  to  illustrate  this  paper  are  intended  only  to 
illustrate  principles  and  not  to  give  definite  values,  and  must 
be  so  understood.     They  are  considered  self-explanatory. 
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part  of  the  station  and  to  block  the  governors  on  the  remaining 
machines.  Transformer  ratings  are  usually  the  same  as  gen- 
erator, and,  when  possible  to  do  so,  it  is  often  desirable  to  make 
one  unit  of  the  two. 

Generators  for  a  given  output  have  a  speed  for  which  the 
cost  is  a  minimimi.  Unless  peripheral  velocities  are  increased, 
raising  the  speed  does  not  decrease  the  active  material.  So, 
when  this  point  has  been  reached,  any  further  increase  calls 
for  mechanical  requirements  which  rapidly  increase  the  cost- 
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Water-wheels,   within  the   limit  of  generator  speeds,   decrease 
in  cost  with  increasing  speeds. 

Most  transmission  lines  are  designed  from  a  standpoint  of 
regulation  but  occasionally  a  case  arises  where  an  application 
of  Kelvin's  law  is  possible.  For  low-head  factors,  average 
losses  may  be  used.  A  large  number  of  equations  have  been 
developed  for  this  work  but  an  equality  of  interest  on  invest- 
ment and  value  of  lost  energy  is  what  is  required.  Unless 
maximtun  developments  are  installed,  ample  margins  in  all 
hydraulic  and  electrical  conductors  should  be  allowed  for  future 


1900.]  RUSH  MORE:  HYDROELECTRIC  PLANTS.  161 

growth.     The  neglect  to  do  this  has  adversely  influenced  many 
developments. 

Efficiencies. 

The  cost  and  value  of  efficiency  in  power-plant  designing  is 
an  important  but  not  clearly  understood  subject.  The  rough 
approximation  usually  made  is  to  compare  the  selling  price  of 
the  increased  output  with  the  interest  charge  on  the  greater 
cost.  Where  the  saving  in  energy  can  be  sold,  as  is  usually 
the  case,  a  higher  efficiency  in  water  conductors  means  a  greater 
output  and  a  greater  capacity  of  installed  apparatus  with 
higher  total  cost,  so  that  the  investment  charge  for  the  gain  in 
power  is  greater  than  usually  considered.  This  is  true  of  all 
parts  of  the  chain  of  energy  transformation. 

Generator  efficiency  curves  are  flat  beyond  half  load  and  are 
generally  slowly  increasing  at  overloads.  Above  half  load, 
variation  in  generator  efficiency  is  not  of  importance.  Turbines 
have,  however,  a  small  range  of  load  for  best  efficiency;  while 
the  curve  for  impulse-wheels  is  much  flatter.  Users  of  electrical 
apparatus  should  carefully  compare  characteristics  and  costs  of 
different  types  of  machines.  Cheapness  can  nearly  always  be 
obtained  by  the  sacrifice  of  quality. 

The  cost  of  efficiency  is  less  susceptible  of  determination 
than  the  value.  Water-wheels  can  be  made  of  the  best  effi- 
ciency by  designing  them  for  the  special  conditions,  instead 
of  using  standard  patterns,  and  by  the  employment  of  a  high 
grade  of  material  with  careful  finish.  The  life  can  be  increased 
by  use  of  expensive  metals  and  by  cleaning  the  water.  Wheels 
probably  differ  in  efficiency  much  more  than  electrical  appar- 
atus. Doubt  simply  implies  difficulty  in  hydraulic  testing  and 
scarcity  of  reliable  results. 

The  generator  efficiency  is  improved  by  using  more  copper 
and  iron  and  a  higher  grade  of  insulation.  Heating  or  regula- 
tion are  the  limits  in  design,  and  efficiency  must  be  good  with 
present  types.  A  cheaper  machine  can  be  obtained  with  greater 
energy  loss,  the  temperature  being  controlled  by  utilizing  an 
increased  windage. 

Transformer  costs  may  be  materially  reduced  by  lowering 
the  efficiency.  Low-efficiency  transformers  arc  prone  to  a 
short  life  and  a  hot  one,  and  arc,  as  a  rule,  much  less  dcsinible 
to  operate  than  to  buy.  Therc  is  a  theorctic:il  point  in  d(\sii^m 
where  the  cost  increases  as  the  efficiency  grows  poorcr.  The 
efficiency  curves  of  the  best  transformers  are  so  flat  t\\at  \\.\^ 
immaterial  at  what  point  they  arc  operated. 
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Then  S  LW  ^  total  weight  of  water  in  the  pipe  at  any  time 

and  its  mass  =  (1) 

If  Ci  =  velocity  in  feet  per  second  with  a  given  gate  opening 
Cj  =  Velocity  with  a  reduced  gate  opening 
T   =  Time  of  change  in  seconds, 
then  P  the  pressure  set  up  will  be, 

P  =  SLW_    C,-C, 

32.2  ^      T  ^■'> 

which  is  the  total  pressure  to  retard  the  mass  of  water. 
11  p  =  pressure  in  pounds  per  square  inch, 


^      SX144       SX 144'^' 32.2  r  74.3  7 

this  being  the  formula  for  excess  pressure,  above  that  due 
to  the  head  when  the  gate  opening  is  reduced,  or  the  reduction 
in  pressure  to  be  subtracted  from  the  head  at  the  time  when 
the  gate  opening  is  increased.  It  is  to  be  noted  that  the  pres- 
sures per  square  inch  are  independent  of  the  diameters  of  the 
pipes. 

As  an  example  take  a  pipe  1  000  ft.  long;  head  at  the 
turbine  90  ft.;  velocity  of  water  in  the  pipe  0  ft.  per  second  at 
full  gate.  Reduce  this  opening  to  70^^  gate  in  three-fourths  of 
a  second.  The  reduced  velocity  of  the  water  is  70^^  of  6  =^ 
4.2  ft.  per  second. 

^      1000(6-4.2) 

^=     74.3X0.75     -32.3  1b. 

The  head  on  the  turbine  is  90X0.434  =  39  ft.  normal.      Per- 

32 . 3 
centage  change  in  the  pressure  is  =^  83 V( . 

If  the  gate  were  moved  from  70%  to  100%  opening  as 
above,  the  net  head  acting  for  the  short  time  of  gate  movement, 
would  be  39  —  32.3  =  6.7  lb.,  or  about  17%  of  the  normal  head. 

When  the  gate  is  completely  closed  the  phenomena  are  very 
different  as  are  the  laws  which  govern  them.  These  will  now 
be  investigated. 

If  the  gate  were  closed  instantaneously,  the  excess  pressure 
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set  up  would  be  infinite  if  it  were  not  for  the  ductility  of  the 
conducting  pipes  and  the  elasticity  of  the  water  itself.  Be- 
cause of  these  effects,  however,  the  pressures  produced  by 
instantaneous  closing  of  the  gate  are  not  infinite  but,  from  a 
theoretical  viewpoint,  small,  though  exceedingly  great  when 
considered  as  hydraulic  effects,  to  be  taken  care  of  in  practice. 
For  increase  of  pressure  when  the  valve  is  closed  instan- 
taneously the  formula  is 


-  w: 


wEE't        \ 
^g  {t  E'-^2RE)/  W* 

in  which 

p    =  Increase  in  pressure  per  square  inch. 

c     =  Initial  velocity  in  feet  per  second 

0)  =  Weight  of  a  prism  of  water  1  ft.  long  and  1  sq.  in.  in 
cross-section  =  0.43416 

E  =  Modulus  of  compressibility  of  water  =  294  000  lb.  per 
sq.  in.  =  294  XIO^ 

£'  =  Modulus  of  elasticity  of  plate  iron  =  30  000  000  lb. 
per  sq.  in.  =  3X10^ 

t      =  Thickness  of  pipe  plate  in  inches 

g     =  Acceleration  due  to  gravity  =  32.2 

R    =  Internal  radius  of  pipe  in  inches. 

Take,  for  example,  a  pipe  of  5  ft.  diameter,  the  thickness  of  the 
pipe  wall  being  0.25  in.,  and  the  velocity  of  the  water  in  the 
pipe  being  6  ft.  per  second.  Substituting  the  above  values  of 
w»  i  and  R, 


~  ^  \\  32.2  (0. 


34X294X103X3X10^X0.25 


25X3X10^+2X30X294X10^) 


whence   p  =  6Xv^ll82  =  206    lb.    per    sq.    inch  —  a   pressure 
which  approaches  the  rupturing  point  of  the  pipe. 

As  may  be  seen,  the  pressure  produced  by  instantaneous 
closure  is  independent  of  the  length  of  the  pipe.  An  appre- 
ciable time,  however,  is  required  to  close  any  valve,  and  with 
the  introductipn  of  the  time  clement,  the  length  of  the  pipe  also 
enters  as  a  factor  into  the  problem.  The  theory,  in  general, 
of  the  phenomena  which  take  place  on  instantaneous  gate 
closure,  is  that  the  kinetic  energy  of  the  moving  mass  of  water 
changes   to    potential    energy,  .distending    the    pipe    and    com- 

♦  Church's  "Hydraulic  Motors,"  p.  208. 
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pressing  the  water.  This  compression  of  the  water  continues 
for  only  an  instant,  as  immediately  after  compression  it  begins 
to  extend  itself;  this  act  of  extension  again  sets  up  the  pres- 
sure and  causes  compression.  The  cycle  is  repeated  and  this 
continues  until  the  friction  of  the  water  in  the  pipe  and  the 
molecules  against  each  other  decrease  the  amplitude  to  nearly 
zero.  The  whole  occurrence  is  an  oscillatory  one  and  re- 
sembles somewhat  the  phenomenon  of  **  surging  *'  in  electrical 
transmission  lines  carrying  alternating  currents.  The  velocity 
of  the  **  wave  propagation  "  is  the  same  as  the  velocity  of 
sound  in  water,  and  this  velocity  varies  with  varying  con- 
ditions of  thickness  of  pipe  shell,  modulus  of  material  of  shell, 
and  its  internal  radius.  The  formula  for  the  velocity  of  wave 
propagation  is. 


EE't 


^=    ^'-u>''rE'-^2RE  (5)^ 


Formula  (4)  may  also  be  written: 

cvW 
P--^  (6) 

in  which  v  =  velocity  of  wave  propagation  in  feet  per  second. 
W=  weight  of  cubic  feet  of  water. 

c  W 
lip  =  206  as  given  in  the  foregoing  problem 

206X144X32.2        .  ^..^  . 
^  =  6X6275 =  ^  ^-^^  ^^'  P^"  '^"• 

Assume  the  pipe  1  000  ft.  in  length.     Then  the  time  required 
for  the  wave  to  travel  from  the  gate  back  to  the  end  of  the  pipe 

2x1  000 
and  return  to  the  gate  is  =  0.788  seconds.     This  may  be 

termed  the '*time-constant"  of  the  pipe  for  the  velocity  of  water 
flow   of   6   ft.    per   sec,    and   designated  by  T^.     If   the   gate 

♦Church's  "Hydraulic  Motors,"  p.  208. 

fConstant  144  is  to  reduce  the  cross-section  of  a  cubic  foot  of  water  to 
square  inches. 
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be  closed  within  the  time  of  one  complete  wave  cycle,  i.e., 
0.788  second  for  this  case,  the  pressure  set  up  is  the  same  as  if  the 
gate  had  been  closed  instantaneously. 

If  the  pipe  were  3  000  ft.  long  the  time  constant  wotild  ob- 
viously be  three  times  the  above  or  2.364,  say  2J  seconds,  and 
in  order  to  avoid  the  heavy  pressure  computed,  the  gate  must 
not  close  within  this  time  of  2J  seconds. 

If  a  longer  time  be  taken  to  close  the  gates,  the  pressure 
set  up  will  be  directly  proportional  to  pressure  due  to  instan- 
taneous closing  in  the  inverse  ratio  of  Tc  to  T,,  where  T^  is 
the  time  in  which  the  gate  is  closed.  That  is  p:p'':  iTc'.Tg. 
Thus  if  4.5  seconds  are  taken  to  close  the  gate,  for  conditions 
as  above  and  a  length  of  pipe  of  1  000  ft.,   the  pressure   pro- 

0  788 
duced  will  be  206  X  -jy-   «  36  lb.      For  a  3  000  ft.  length 

2  264 

of  pipe  the  pressure  will  be  206 X     '  .^   =  108  lb. 

These  formulae  and  facts  have  all  been  cnpcrimentally  proved 
by  Joukovsky  in  a  series  of  experiments  conducted  at  Moscow, 
Russia,  in  1897-1898,  in  pipes  up  to  24  in.  in  diameter.  They 
show  conclusively  the  necessity  for  compensating  for  the  change 
in  energy  in  the  water  column  at  the  time  of  governing,  if  the 
gates  are  to  be  moved  quickly  for  rapidly  fluctuating  loads. 
The  art  up  to  the  present  has  not  provided  for  this  compensa- 
tion except  in  a  half-way  manner,  by  means  of  relief  valves. 

The  new  method  of  regulating  water-wheels  subjected  to 
fluctuating  loads  which  change  suddenly,  is  based  primarily 
on  changing  rapidly  the  main  gate-opening  of  the  turbine 
without  changing  either  the  pressure  in  the  penstock  or  the 
velocity  of  the  flow  of  water  through  the  gate-opening,  at  the 
instant  of  change  in  the  gate-opening.  The  velocity  of  the 
water  in  the  penstock  changes  slowly  after  the  gate  has  moved 
to  some  new  position  required  by  change  of  load,  and  changes 
so  slowly  that  there  is  never  any  substantial  change  in  penstock, 
pressure,  nor  in  the  velocity  of  the  water  through  the  gate. 

Another  feature  is  to  make  the  control  sensitive,  and  removed 
from  the  jar  and  vibration  of  the  gate-moving  mechanism, 
also  the  pre\-cntion  of  "overrunning**  or  *' undemmning." 
The  former  causes  an  oscillatory  movement  of  the  gate  to  bring 
it  to  its  proper  position,  while  the  second  causes  "hitching** 
.  or  a  step-by -step  movement  of  the  gate. 
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Fig.  1  shows  the  compensating  valve  as  applied  to  the  pen- 
stock, by  means  of  which  the  pressure  in  the  penstock  is  main- 
tained constant.  The  compensating  device  is  a  simple  butterfly 
valve,  working  in  a  by-pass  pipe  which  is  tapped  into  the  flume 
or  penstock  of  the  turbine.     x\s  may  be  seen,  all  water  by-passed 


Fig.  1. 


through  the  valve  and  auxiliary  pipe  goes  around  the  turbine 
and  does  no  work. 

In  plants  where  the  amount  of  water  available  is  in  excess 
of  that  passed  through  the  turbines,  the  compensatini,'  valve 
is  kept  just   half-way   open   and   a   continual   flow   through  it 
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results.  If  the  load  on  the  turbine  be  increased,  and  the 
turbine-gate  suddenly  opened,  the  compensating  valve  will 
close  at  the  same  rate  of  speed  as  the  turbine-gate  opens. 
This  turns  an  increased  amoimt  of  water  into  the  turbine 
without  necessitating  any  change  in  the  velocity  of  the  column 
of  water  in  the  feed-pipe.  Hence  the  speed  regulation  may  be 
instantly  effected.  After  the  turbine-gate  has  found  its  new 
position  and  regulation  is  completed,  the  compensating  valve 
returns,  slowly,  to  its  normal  position  of  half-way  open,  the 
velocity  of  the  column  of  water  in  the  feed-pipe  changing  also 
slowly,  to  furnish  the  increased  supply. 

If  the  load  on  the  turbine  should  decrease,  and  the  gate 
be  suddenly  closed,  the  compensating  valve  will  open,  the 
movement  taking  place  inversely  to  the  movement  of  the  main 
gate.  The  outlet  for  the  water  from  the  feed-pipe  being  in- 
creased, a  less  amount  will  pass  to  the  water-wheel,  and  there- 
fore the  suddenly  decreased  gate-opening  does  not  mean  that 
the  velocity  of  the  water  in  the  feed-pipe  is  suddenly  arrested, 
and  great  pressure  set  up.  The  velocity  and  pressure  remain 
practically  imchanged.  When  regulation  is  completed  for  the 
new  load,  the  compensating  valve  returns  slowly  to  its  normal 
position  of  half-open,  thereby  slowly  retarding  the  velocity 
of  the  water  column  to  correspond  to  the  decreased  supply 
required.  In  other  words,  the  time-element,  which  is  due  to 
the  inertia  and  incompressibility  of  water,  and  which  is  present 
in  every  governing  arrangement,  is  transferred  from  the  tur- 
bine to  an  auxiliary  compensating  device. 

In  those  plants  where  all  the  available  water  must  be  con- 
verted into  work  and  no  waste  can  be  allowed,  this  governor 
cannot  give  quite  so  accurate  regulation  as  in  plants  where 
some  water  can  be  used  for  the  purpose  of  governing.  In  this 
case  the  compensating  valve  is  normally  fully  closed.  If  the 
turbine-gate  be  quickly  closed,  the  compensating  valve  will 
as  quickly  open,  thus  acting  as  a  positively  operated  relief 
valve.  As  soon  as  regulation  is  completed,  the  valve  slowly 
shuts  tight,  thus  limiting  the  water-waste  to  ordinary  relief- 
valve  losses. 

Fig.  2  shows  the  various  parts  and  connections  of  the  gov- 
ernor in  diagrammatic  form.  6^  is  a  shaft  driven  from  the  tur- 
bine to  be  controlled;  its  direction  of  rotation  is  immaterial. 
Keyed  on  it  are  the  iron  plates  E  and  F  which  rotate  with  the 
shaft.     The  plates  30  and  31,  which  ar^  also  on  the  shaft  C, 
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and  close  against  E  and  F  respectively,  are  loose  and  normally 
do  not  turn.  In  each  of  these  plates,  30  and  31,  is  a  circtilar 
groove  into  which  a  coil  of  wire  is  wound.  When  electric  cur- 
rent is  passed  through  either  coil,  the  plate  in  which  it  is  laid 
becomes  strongly  magnetized. 

The  plates  30  and  31  are  fastened  to  mitre-gears  B  and  C 
respectively,  which  are  loose  on  the  shaft.  Obviously,  if  either 
electric  clutch  is  energized,  the  mitre-gear  connected  to  the 
clutch-plate  will  turn  with  the  shaft. 

Meshing  with  the  mitre  gears  B  and  C  is  a  third  gear  D,  which 
is  keyed  on  to  shaft  //,  running  at  right  angles  to  shaft  G.     If 


=1 


"N^ 


[Fig.  2.    . 

clutch-plate  30  is  energized,  shaft  H  will  be  caused  to  rotate 
in  one  direction  by  the  gear  B;  while  if  clutch-plate  31  be 
energized,  the  shaft  H  will  be  made  to  rotate  in  an  opposite 
direction  by  gear  C. 

On  shaft  H  is  mounted  a  worm  K,  which  meshes  with  a 
worm-wheel  L,  the  latter  being  mounted  on  a  third  shaft  M 
which  is  parallel  to  shaft  G.  This  shaft  M  is  the  gate-shaft, 
and  any  movement  of  it  will  cause  opening  or  closing  of  the 
water  wheel  gate.  The  worm  and  worm-wheel  serve  both  to 
give  a  low  speed  to  the  gate-shaft  and  to  lock  it  in  any  position. 

It  is  clear,  then,  that  the  gate  will  be  opened  or  closed  ac- 
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ording  to  whether  5  or  C  is  energized.  On  shaft  M  is  a  third 
magnetic  clutch,  consisting  of  the  plates  N  and  0.  Attached 
to  N  is  SL  sheave-wheel  32  having  two  grooves  in  it  in  which 
lie  the  wire  ropes  28  and  29.  These  ropes  are  attached  to  the 
compensating  valve  before  described. 

Firmly  fastened  on  the  hub  of  iV  is  a  heavy  leather  strap  33 
which  at  the  lower  part  of  the  loop  it  makes,  is  attached  to 
the  coil  spring  34.  When  the  clutch  N  0  is  energized,  N  will 
be  caused  to  rotate  in  one  direction  or  the  other  according 
to  the  direction  of  motion  of  the  gate-shaft,  and  the  ropes  28, 
29,  will  move  the  compensating  valve  in  one  direction  or  the 
other  at  the  same  time  that  the  gates  are  moved. 

Obviously,  if  this  sheave  turns  in  either  direction,  the  spring 
will  be  extended,  and  as  soon  as  the  clutch  is  released  the 
sheave-wheel  will  be  drawn  back  by  the  spring  to  its  normal 
position.  The  motion  of  the  sheave  and  clutch  is  limited  to 
about   80   degrees. 

The  small  dynamo  is  driven  from  the  shaft,  and  there- 
fore varies  its  speed  with  that  of  the  water-wheel.  It 
is  a  shunt-wound  machine  having  laminated  fields,  and  the 
magnetic  density  is  low.  Since  an  increase  in  speed  will  cause 
an  increase  in  voltage  due  to  the  higher  velocity,  and  this  in- 
creased voltage  will  strengthen  the  magnetic  field  which  in 
turn  will  cause  an  additional  increase  in  voltage,  the  voltage 
will  vary  as  the  square  of  the  speed. 

The  controller  consists  of  a  plain  solenoid,  W,  which  is  con- 
nected with  the  dynamo,  having  inside  it  an  iron  core,  x.  This 
core  is  attached  to  a  movable  lever  23  which  has  mounted 
on  it  various  contact-points.  These  contacts  dip  into  the 
mercury  cups  below  them  whenever  the  lever  is  moved  from 
the  neutral  horizontal  position.  When  current  passes  through 
the  solenoid  it  tends  to  draw  down  the  core,  and  it  is  a  well- 
known  law  of  solenoids  acting  on  unsaturated  moving  cores 
that  the  pull  varies  as  the  square  of  the  impressed  voltage. 
Since  the  voltage  varies  as  the  square  of  the  speed,  it  is  evi- 
dent that  the  pull  on  the  solenoid  will  vary  with  the  fourth 
power  of  the  speed. 

When  the  speed  is  normal  and  the  forces  balance,  the  lever 
is  in  a  horizontal  position,  and  none  of  the  contacts  touch 
the  mercury  in  the  cups  except  point  22,  which  is  longer  than 
the  others. 

Following  the  connections,  it  is  clear  that  if  the  core  is  pulled 


174 


LYNDON:  TURBINE  CONTROL. 


[April  9 


down  by  increase  of  voltage,  contacts  13  and  15  will  connect 
the  dynamo  circuit  with  clutch  30,  which  will  cause  the  gate- 
shaft  to  move  in  a  direction  to  close  the  gate.     At  the  same 


2 


time  clutch  O  will  be  connected  to  the  dynamo  circuit  by 
contacts  14  and  16,  and  the  sheave-wheel  will  also  turn  with  the 
gate-shaft. 
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If  the  core  should  rise,  due  to  decrease  in  voltage,  the  gate- 
opening  clutch  will  be -energized  by  contacts  18  and  20,  while 
the  sheave-wheel  N  will  turn  in  a  direction  opposite  to  that 
in  which  it  rotates  when  the  gate  closes,  its  clutch  now  being 
energized  by  the  contacts  17  and  19.  Thus  the  compensating 
valve  is  always  moved  in  its  proper  direction  whenever  the 
main  gate  is  moved. 

When  governing  is  completed  and  the  speed  becomes  normal, 
the  lever  23  takes  a  horizontal  position  opening  the  clutch 
circuits,  and  the  compensator  sheave,  A'^,  is  drawn  by  the 
spring  34  back  to  its  normal  position.  The  water  flowing 
through  and  surrounding  the  valve  gives  a  dash-pot  action 
and  makes  this  return  movement  take  place  slowly. 

The  prevention  of  overrunning  is  accomplished  by  means 
of  contacts  21  and  22  and  the  resistance  V.  Since  the  change 
in  dynamo  voltage  causes  opening  or  closing  of  the  gates,  it 
is  essential  that  this  voltage  be  brought  back  to  normal  before 
the  speed  has  come  back  to  its  proper  value.  Otherwise  the 
contacts  will  be  held  in  too  long,  and  the  gate  will  overtravel, 
going  past  the  proper  position  required  by  the  load  change. 

By  following  the  connections  of  the  dynamo  field  circuit, 
it  will  be  seen  that  resistance  V  is  in  series  with  the  field.  Con- 
tact 22,  which  is  longer  than  the  other  contacts,  is  connected  to 
the  middle  point  of  V,  and  as  it  touches  the  mercury  in  cup  12, 
when  the  lever  is  in  its  horizontal  position,  one-half  the  resist- 
ance is  normally  short  circuited,  the  other  half  being 
included  in  the  field  circuit.  If  the  dynamo  voltage 
should  rise,  due  to  speed  increase,  the  solenoid  will  cause 
the  lever  to  move  closing  contacts  13,  14,  15,  and  16,  and 
opening  contact  22.  This  movement,  while  energizing  the 
proper  clutches,  puts  the  who)e  of  resistance  V  in  series  with 
the  field  circuit,  causing  a  voltage  reduction  before  the  speed 
is  reduced.  This  diminished  dynamo  voltage  allows  the  con- 
troller lever  to  return  to  its  normal  horizontal  position  before 
the  speed  has  been  brought  to  its  proper  value. 

Conversely,  if  the  speed  of  the  turbine  should  fall,  reducing 
the  dynamo  voltage,  the  spring  will  overpower  the  solenoid, 
and  the  controller  lever  will  close  contacts  17,  18,  19,  20,  and  21, 
and  carry  22  deeper  into  the  cup.  The  first  four  will  close  the 
proper  clutches;  22  being  already  in  contact  with  the  mercury 
will  have  no  effect;  21,  however,  is  so  connected  to  V  that 
the   resistance  will   now  be   entirely   short   circuited  and   the 
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voltage  of  the  dynamo  will  rise  to  normal  before  the  speed 
has  quite  reached  its  normal  value,  due  to  this  reduction  of 
resistance  in  the  field  circuit.  These  resistances  can  be  so 
accurately  adjusted  that  the  gate  may  be  caused  to  move 
exactly  to  its  proper  position  without  overtravel   or   hitching. 

On  an  extension  of  shaft  H  isa,  threaded  sleeve  on  which  trav- 
els a  nut,  2*7,  moving  in  or  out  according  as  the  shaft  turns 
to  open  or  close  the  gate.  Obviously  there  is  a  definite  posi- 
tion of  this  nut  for  any  given  gate-opening.  As  shown,  it 
moves  a  contact-finger  on  a  resistance  T  which  resistance  is 
also  in  series  with  the  field  circuit.  This  rontact-finger  and 
the  resistance  can  be  so  adjusted  that  any  desired  amount  of 
resistance  may  be  cut  out  when  the  nut  is  in  its  extreme  posi- 
tion corresponding  to  full  gate  on  the  water-wheels.  This 
means  that  a  reduced  speed  of  the  dynamo  is  necessary  to  give 
its  proper  voltage,  and  consequently  the  speed  of  the  water- 
wheel  is  less  at  full  loc^d  than  at  no  load  and  by  a  definite  per- 
centage. The  speed  rises  slightly  as  the  position  of  no  load 
is  approached,  the  field  resistance  being  gradually  increased  by 
the  changing  position  of  the  moving  finger.  This  speed-drop 
on  increase  of  load  is  essential  for  satisfactory  nmning  of  dy- 
namos in  parallel.  By  removing  the  finger  the  speed  will  be 
maintained  rigorously  constant  for  all  loads;  or  by  reversing 
the  resistance  connections  the  speed  may  be  actually  made 
to  rise  with  increase  of  load  by  any  desired  percentage.  The 
nut  27  also  serves  to  open  a  limit-switch  S,  which  is  in  series 
with  the  circuit  leading  to  the  clutch  which  opens  the  water-gate. 
If  the  gate  be  fully  opened  and  there  should  be  a  tendency 
to  open  it  still  further,  the  nut,  27,  will,  by  its  movement, 
open  the  limit-switch  s  and  thus  prevent  any  current  from 
reaching  the  opening  clutch.  5,  being  a  spring-closing  switch, 
it  again  closes  the  clutch  circuit  when  the  gate  moves  away 
from  its  extreme  open  position,  and  the  operation  of  the  governor 
is  not  interrupted. 

On  the  outer  end  of  shaft  H  is  the  starting  hand-wheel  which 
is  loose  on  the  shaft,  being  clutched  in  for  starting  by  shoving 
it  forward  about  an  inch  so  that  the  clutch -jaws  mesh  as 
shown.  If  it  were  fastened  to  the  shaft,  when  the  governor 
is  regulating,  its  fly-wheel  effect  would  be  detrimental  to  good 
speed  control. 

Working  with  the  hand-wheel  is  the  switch  R  which  is  in 
the  main  dynamo   circuit.     Shoving   the   hand-wheel   forward 
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and  clutching  it  with  the  shaft,  moves  the  switch  blade,  opening 
the  switch.  The  governor  cannot  regulate  until  this  switch 
is  closed  by  drawing  back  the  wheel  and  releasing  it  from  the 
shaft.  It  is  therefore  impossible  for  the  governor  to  be  started 
and  the  hand-wheel  be  left  clutched  to  the  shaft. 

The  rheostat  U  is,  in  common  with  the  other  resistances 
described,  in  series  with  the  dynamo  field.  This  may  be  lo- 
cated in  any  convenient  place,  such  as  on  the  switchboard  in 
an  electric  plant,  and  by  merely  turning  the  handle  and  varying 
the  amount  of  resistance  in  circuit  the  speed  of  the  turbine  may 
be  varied  at  will.  This  neither  disturbs  nor  alters  any  ad- 
justments. The  normal  speed  of  the  water-wheel  is  as  set 
by  the  operator  at  this  rheostat.  Since  the  gate  movement 
takes  place  quickly  with  this  governor,  these  machines  must 
be  made  very  heavy  and  powerful. 
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Discussion  on  "  A  New  Method  of  Turbine  Control,"  at 
Philadelphia,  April  9,  1906. 

Paul  Spencer:  What  percentage  of  water  will  it  generally 
require  to  flow  through  the  by-pass  valve  in  the  operation,  under 
one-half  open  valve,  as  described? 

Lamar  Ljrndon:  That  is  a  variable,  and  fixed  by  the  par- 
ticular conditions  under  which  any  wheel  may  work.  The 
amount  of  water  which  is  passed  i  continuously  through  the 
by-pass  valve  should  be,  theoretically,  equal  to  the  difference 
in  the  amounts  of  water  which  pass  through  the  turbine-gate 
in  a  change  from  one  degree  of  gate-opening  to  another.  This 
may  be  better  expressed  by  an  example;  where  the  average 
load  changes  are,  say,  10%  of  full  load,  then  10%  of  the  water, 
or  as  nearly  that  amoimt  as  can  be  spared,  should  go  through 
the  by-pass  valve.  Of  course  there  would  be  times  when  a 
greater  change  of  load  than  this  would  occur,  and  the  by-pac3 
could  not  completely  compensate  for  this  gate  movement.  It 
takes  time,  however,  to  effect  any  considerable  gate  movement, 
and  that  portion  of  the  time  during  which  the  main  gate  is 
being  moved  through  10%  of  its  travel,  and  over  which  range 
the  by -pass  does  compensate,  the  water  has  become  partly 
accelerated,  and  the  velocity  of  the  water  has  begun  to  change. 
The  pressures  set  up,  therefore,  by  changes  in  gate-opening  are 
never  very  great,  even  if  the  percentage  of  gate  change  be 
greater  than  the  percentage  of  the  water  passed  through  the 
compensating  valve.  Generally,  on  widely-fluctuating  loads, 
where  they  jump  from  50  to  80  per  cent,  gate,  about  10  to  15 
per  cent,  of  the  total  water  should  go  through  the  by-pass, 
if  it  can  be  spared ;  if  it  cannot  be  spared,  the  best  that  can  be 
done  will  have  to  be  done,  that  is  all.  The  greater  the  amount 
by-passed  the  better  the  regulation  will  be. 

Carl  Bering:  Perhaps  an  air-chamber  at  the  bottom  of  the 
pipe,  containing  quite  a  lot  of  air,  would  relieve  the  valve  from 
most  of  the  shock,  and  would  not  require  any  continual  loss 
of  water. 

Lamar  Ljrndon:  An  air-chamber  helps  to  some  extent,  but 
only  because  air  is  elastic;  it  compresses  or  expands  with  changes 
in  gate-opening,  and  these  changes  in  volume  can  only  be 
caused  by  a  change  in  pressure  in  the  flume.  If  there  is  no 
change  in  pressure,  the  air  will  maintain  its  volume  constant. 
Of  course  there  is  not  so  much  shock  on  sudden  gate-closing 
where  an  air-cushion  is  provided,  but  there  is  a  definite  change 
in  the  flume-pressure.  Now  the  effect  of  the  pressure-change 
is  that  if  the  load  goes  off  and  it  is  desired  to  reduce  the  water- 
wheel  speed,  and  the  gate  be  quickly  closed,  the  increased  pres- 
sure will  send  an  amount  of  water  through  the  reduced  gate- 
opening,  which  while  it  is  not  so  great  as  the  amount  which 
went  through  the  original  opening,  passes  through  at  a  higher 
velocity.  In  other  words,  the  kinetic  energy  in  the  water  is 
manifesting  itself  at  the  nozzle  or  gate,  and  the  wheel  instead 
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of  slowing  down  will  actually  speed  up  for  a  short  time.  This 
is  found  to  be  true  of  air-chambers.  Whether  or  not  an  air- 
chamber  of  sufficient  size  has  been  tried,  I  do  not  know.  Fur- 
thermore, an  air-chamber  has  to  be  supplied  by  an  air-ptunp 
continuously,  as  there  are  none  of  them  that  will  not  fill  up 
with  water  in  course  of  time  by  leakage  or  otherwise.  The 
main  point,  however,  is  that  the  flimie  pressure  does  change 
with  change  in  gate-opening,  otherwise  the  air  would  not 
cushion;  if  there  were  not  something  to  compress  it,  it  would 
not  change  its  volume. 

Carl  Bering:  Yes;  but  the  cushioning  of  the  air,  I  should 
think,  would  prevent  to  a  great  extent  that  increase  of  velocity 
that  you  speak  of.  When  the  energy  has  spent  itself  on  the 
air,  it  will  not' do  soon  the  turbine. 

Lamar  Ljrndon:  It  resolves  itself  into  a  question  of  velocity 
through  the  gate,  which  is  proportional  to  the  pressure  in  the 
fiume.  If  the  air  is  compressed  and  its  volume  changed,  an 
increase  of  flimie  pressure  is  necessary  to  do  this,  and  that 
means  a  corresponding  increase  in  the  velocity  through  the  gate. 

Car^  Hering:  But  does  not  that  take  some  time,  and  by 
that  time  the  gate  will  be  closed? 

Lamar  Ljrndon:  I  do  not  know  about  the  time-rate  in 
compressing  air,  but  imagine  it  is  very  rapid.  At  any  rate, 
in  governing  changes  in  pressure  with  change  in  gate-opening 
occur  even  with  air-chambers. 

Carl  Hering:  Even  if  the  compressed  air  chamber  is  large 
enough  ? 

Lamar  Lyndon:  That  I  do  not  know.  I  think  air-chambers 
would  help  considerably,  but  they  will  not  do  all  that  is  required 
by  the  conditions  of  to-day. 
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ELECTRIC  POWER  TRANSMISSION. 


BY    FREDERICK    DARLINGTON. 


Electrical  power  transmission  has  given  a  great  impetus  to 
the  development  of  water  powers,  and  an  imderstanding  of  these 
powers  has  become  one  of  the  duties  of  electrical  engineers. 
There  is  a  great  variation  in  hydraulic  plants  in  the  characteris- 
tics that  determine  thdr  usefulness;  and  these  variations  are  the 
result  of  natural  conditions  and  the  manner  of  development. 

The  value  of  a  water  power  is  the  resultant  of  two  sets  of  fac- 
tors; the  size  and  natural  opportunities  of  the  water  power,  and 
the  extent  and  nearness  of  the  market  for  power.  The  market 
has  been  greatly  broadened  by  the  growth  of  electrical  trans- 
mission, and  the  useful  and  profitable  application  of  water  powers 
to  business  uses  offers  some  very  interesting  problems.  The 
following  is  a  classification  of  water  powers  according  to  the 
qualities  that  chiefly  affect  their  value : 

1.  Powers  capable  of  contintwus  operation  at  their  full  capacity 
at  all  seasons. — There  are  comparatively  few  belonging  to  this 
division ;  they  are  mostly  developments  on  large  rivers  or  on  the 
outlets  of  large  lakes,  where  the  flow  of  water  is  so  abundant 
or  is  so  equalized  that  water  shortage  does  not  occur. 

2.  Powers  capable  of  continuous  full  operation  only  a  part  of 
each  year,  except  in  seasons  when  the  flow  of  water  does  not  reach 
its  minimum. 

There  are  two  natural  subdivisions  of  this  class  of    power: 

a.  Powers  that  are  capable  of  being  operated  to  their  full  ca- 
pacity a  portion  of  each  day,  even  when  the  flow  of  water  is  in- 
sufficient to  maintain  full  power  for  a  full  day. 

b.  Powers  that  owing  to  natural  conditions  or  plant  design 
are  limited  by  the  flow  of  water  so  that  in  dry  seasons  they  can- 
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not  develop  power  to  the  full  capacity  of  their  machinery  even 
for  a  few  hours  a  day. 

By  far  the  majority  of  developed  powers  belong  to  this  division, 
either  subdivision  a  or  6,  according  as  they  have,  or  do  not  have 
an  available  pond  from  which  water,  stored  at  times  of  light 
load,  can  be  drawing  during  heavy  loads. 

3.  Powers  that  are  occasionally  interrupted  in  whole  or  in  part 
by  conditions  other  than  low  water. 

This  includes  developments  with  a  low  head  of  water  on  the 
wheels  and  a  low  dam  that  is  "drowned  out  **  during  freshets  so 
that  the  power  is  interrupted ;  also  powers  that  are  liable  to  inter- 
ruption from  anchor-ice. 

A  further  division  might  be  made  to  include  powers  that  are 
subject  to  interruptions  belonging  to  two  or  more  of  the  foregoing 
divisions.  Such  developments  do  not  often  bear  the  test  of 
economical  usefulness. 

There  are  several  classes  of  loads  to  which  water  powers  are 
applied,  and  for  consideration  in  connection  with  hydraulic  de- 
velopments they  may  be  divided  according  to  the  load-factor. 

Division  I. — Twenty  four  hours  per  day  service  or  loads  having 
approximately  100%  load-factor. 

To  this  division  belongs  the  power  supply  for  a  few  manufactur- 
ing operations  mostly  of  an  electrochemical  nature  and  usually 
conducted  on  a  large  scale,  also  some  pumping  and  blower 
work. 

Division  II. — Ten  hours  per  day  loads  {week  days)  or  fifty  five 
to  sixty  six  hours  per  week. 

To  this  division  belongs  mill  work,  such  as  in  textile  manu- 
facturing concerns  and  a  great  variety  of  factories. 

Division  III. — Ordinary  mixed  commercial  loads,  such  as  light- 
ing and  electric  railway  and  sundry  services. 

This  division  includes  a  great  variety  of  work,  and  the  daily 
station  load-factor  may  be  the  resultant  of  many  small  loads  and 
is  often  vastly  different   in  summer  and  winter. 

Division  IV. — Loads  that  can  be  occasionally  discontinued 
without  serious,  loss. 

There  is  not  much  power  business  of  this  kind. 

The  cost  to  a  hydraulic  plant  of  carrying  a  load  depends  on  the 
plant  and  the  nature  of  the  load.  Curves  showing  the  cost  of 
power  may  be  drawn  for  any  plant  if  the  characteristics  of  the 
plant  are  fully  known. 

Water-power  plants  belonging  to  the  first  division  enumerated 
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will  produce  24-hour  per  day  power  almost  as  cheaply  as  10-hour 
per  day  power,  while  to  some  plants  10-hour  per  day  first-class 
power  costs  about  half  as  much  as  24-hour  per  day  service.- 

The  following  are  some  of  the  general  conditions,  both  as  re- 
gards natural  opportunity  and  the  limits  set  by  their  design, 
that  should  determine  the  extent  and  manner  of  most  water 
power  developments. 

Preliminary  Data  for  Hydraulic  Developments. 
Determinations  must  be  made  of: 

1.  The  minimimi  flow  of  water,  together  with  the  probable 
duration  of  low-water  periods. 

2.  The  available  head  at  the  wheels. 

3.  The  maximum  flow  of  water  and  the  effect  of  floods  in  re- 
ducing the  working  head. 

4.  The  pondage  or  storage  that  can  be  obtained  and  utilized. 

5.  The  effect  of  ice,  especially  anchor  ice,  and  so-called  "frazir* 
ice. 

The  first  duty  of  a  hydraulic  engineer  in  prep  aring  a  plant  de- 
sign is  to  determine  these  points,  after  which  he  can  do  much  to 
shape  the  development  to  meet  the  requirements  of  the  loads  to 
be  carried. 

The  predetermination  of  water-flow  is  seldom  capable  of  exact- 
ness, except  were  water-powers  have  long  been  established,  or 
gaujB:ings  made  over  a  period  of  years  by  Government  observers. 

The  flow  of  a  river  is  usually  estimated  on  the  basis  of  the  cubic 
feet  per  second  per  square  mile  of  watershed  and  depends  on: 

a.  The  condition  of  the  country,  wooded  or  cleared. 

b.  The  rainfall. 

c  The  character  and  shape  of  the  ground  and  the  nature  of 
the  underlying  strata. 

d.  The  latitude  and  elevation  above  sea -level  which  affect  evap- 
oration. 

e.  The  character  of  the  river-bed  and  the  lakes,  if  any,  included 
in  the  watershed. 

/.  The  effect  of  winds  in  changing  the  water-level  at  the  outlet 
of  lakes  that  discharge  into  the  river. 

g.  The  effect  of  other  water  powers  in  thQ  river  holding  back 
water  during  certain  hours. 

The  following  table  gives  the  minimum  flow  in  cubic  feet  per 
second  per  square  mile  of  watershed  of  a  few  of  our  well-known 
rivers: 
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Housatonic  River,.  .0.25  to  0.33  cubic  feet  per  second. 
Susquehanna  **  0.08  to  0.09  cubic  feet  per  second. 

Hudson  **    0. 12  cubic  feet  per  second. 

Little  Tennessee     ** 0.40  cubic  feet  per  second. 

These  are  approximate  extreme  minimums.  Periods  of  10 
or  20  years  occur  frequently  in  which  these  extremes  are  not 
reached.  A  reasonable  working  minimimi  should  be  assimied 
for  planning  developments.  As  enimierated  above,  there 
are  many  variables  affecting  the  minimtun  flow  from  a  water 
shed.  In  general,  extensive  forests  are  the  best  natural  equaliz- 
ers of  the  flow  of  a  river.  The  maximum  discharge  must  be  de- 
termined and  there  are  a  nimiber  of  methods  of  estimating  this, 
but  this  is  neither  the  time  nor  the  place  to  consider  them.  Gen- 
erally the  larger  the  river  drainage  area  the  less  the  flood  discharge 
per  square  mile. 

The  following  table  gives  the  maximum  flow  recorded  for  a 
few  rivers,  together  with  their  watershed  areas: 

Area  of        Max.  flow 

watershed  cubic  ft.  per 
square        second  per 

Name  of  River.  miles  square  mile 

Raritan  River,  N.  J 879  59.30 

Merrimac  River.  Lawrence,  Mass 4,600  19. 12 

Potomac  River,  Great  Falls,  Va 1 1.476  15 .  20 

Mississippi  River,  near  Arkansas  City 1,102,600  1 .  58 

Flood-marks  and  other  records  are  usually  to  be  foxmd  show- 
ing the  maximum  rise  of  a  river  at  any  point.  With  this 
knowledge,  and  surveys  of  the  river  channel,  the  maximimi  dis- 
charge can  be  approximately  calculated. 

The  head  or  fall  for  a  water-power  development  is  obtained 
either  by  erecting  a  dam  .to  raise  the  level  of  the  river,  or  by  build- 
ing a  canal  or  penstock,  or  by  both.  A  dam  serves  the  double 
purpose  of  raising  the  level  of  the  river  and  producing  a  storage- 
pond.  The  storage-pond  is  often  of  prime  importance.  An 
open  canal  or  flume  has  the  disadvantage  that  even  if  used  in 
combination  with  a  dam,  the  water  cannot  be  drawn  from  the 
dam  after  the  level  has  fallen  below  the  point  required  to  main- 
tain a  flow  in  the  flume;  also  in  the  event  of  a  rise  in  the  head- 
waters, the  canal  will  overflow  and  the  level  of  the  water  on  the 
wheels  will  not  rise  with  the  river. 
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In  cold  cotuitries  ice  often  retards  the  flow  in  a  flume. 

The  extent  to  which  a  pond  can  be  utilized  to  control  the  flow 
of  a  river  and  carry  over  peak-loads  is  often  limited  by  whether 
or  not  the  river  will  deposit  silt  and  fill  up  the  storage-pond. 

Freshet  conditions  often  control  the  amount  of  machinery  to 
be  installed  in  plants  with  low  heads  of  water.  At  flood  times, 
when  a  river  rises  greatly,  the  rise  in  the  dam  or  intake  to  the 
wheels  is  seldom  as  great  as  in  the  tailrace  or  channel  below  the 
dam,  so  that  the  available  head  on  the  wheels  is  reduced;  thus 
times  of  maximum  water  may  be  times  of  minimimi  power. 

The  following  are  the  details  of  a  certain  plant.  The  power 
is  on  a  river  in  the  Southern  Appalachian  Motm tains;  the  water- 
shed area  is  945  square  miles. 

A  careful  estimate  determined  the  minimtun  flow  at  the 
high  value  of  0 .  6  cubic  feet  per  second  per  square  mile, 
or  567  cubic  feet  per  second.  The  plan  of  development 
is  with  a  dam,  producing  a  large  pond  that  will  permit 
the  use  of  the  low-water  flow  of  the  river  without  waste, 
with  a  24-hr.  station  load-factor  of  50%.  The  pond  can  be 
kept  sufficiently  free  from  silt  to  maintain  this  condition. 
The  available  head  on  the  wheels  with  a  full  pond  is  52  ft.,  and 
the  average  head  during  low  water  is  estimated  at  about  50  ft. 
The  river  is  wide  below  the  dam  and  there  is  no  open  canal  so 
that  there  will  be  no  great  loss  of  head  in  floods,  and  the  speed 
and  full  power  of  the  wheels  can  be  maintained  at  such  times. 
567  cubic  feet  per  second  at  50  ft.  head  will  develop  2550  h.p. 
on  the  wheel-shafts.  This  will  generate  and  deliver  at  the  mar- 
ket, after  deducting  transmission  losses,  2070  electrical  h.  p.,  24 
hours  per  day. 

The  market  for  power  is  chiefly  cotton  mills  that  run  66  hours 
per  week.  The  daily  load-factor  will  be  about  50%.  At  this 
load-factor  the  plant  has  a  capacity  of  4140  electrical  h.p.  deliv- 
ered at  the  market,  which  is  the  rating  of  the  plant  determined 
by  the  low-water  flow  of  the  river. 

Machinery  is  installed  for  7200  h.p.  at  the  power-house  (with- 
out a  spare  unit),  this  is  equivalent  to  6360  h.p.  at  the  market, 
so  that  there  is  an  excess  of  1230  h.p.  of  second-class  power. 
This  latter  power  will  fail  in  years  of  drouth  for  short  periods  up 
to  two  or  three  months,  according  to  the  duration  of  low  water. 

Herewith  is  given  an  estimated  power-cost  chart  for  this  plant, 
based  on  the  following  construction  and  operating  costs.  The 
transmission  line  and  step-down    transformer  costs  are  not  in- 
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eluded.      The  estimated  yearly  repairs,  renewals  and   deprecia- 
tions, are  given  opposite  the  construction  costs: 


Construction 
cost 

Repairs,  renewals 
and  depreciation 

Dam,  tail-face  and  foundations 

Racks  and  vsites, , .     

$412,000.00 

16.500.00 

12.000.00 

4.000.00 

3.000.00 

101.000.00 

50.000.00 

Per  cent.  Per  year 
1.%     $4120.00 
8.            1320  00 

Power-house  above  foundations 

Crane  in  place 

1.5           180.00 
2.               80.00 

Board  house  for  attendants 

XX                   XXX 

Electric  machinery 

6.            6060.00 

Wheels  and  firovemors 

10.            5000  00 

Engineer's  and  general  expenses  and 
interest  during  construction 

$598,500.00 

62,500.00 
30.000.00 

Total 

$691,000  00 

$16,760.00 

The  annual  cost  of  power  from  this  plant  is  estimated: 

Repairs,  renewals  and  depreciation. $16,760. 00 

Interest  at  6% 41.460.00 

Operating  plant 15,000.00 

Legal,  traveling  and  sundry  expenses  not  included  in  oper- 
ating   5,000. 00 

Taxes 2,000.00 

Sinking  fund  at  1%  of  cost 6,910.00 


Total  cost  of  power  per  year    $87.130. 00 

If  water  was  abundant  the  annual  cost  would  not  be  materially 
affected  by  the  daily  output,  and  the  cost  per  electric  horse- 
power year  delivered  at  the  market,  exclusive  of  the  transmission 

line  cost,  and  without  profit,  would  be    ]    uqo(\  <v\    \  =$13.75 

per  electrical  horse  power  per  year. 

As  the  minimum  flow  of  the  river  will  deliver  only  2070  elec- 
trical horse  power  at  the  market  24  hours  per  day,  the  cost  of 

o>i  u      ^     .    1  UK    «>fO  in  ($87130.00 

24-hr.  first-class    power  will  be  $42.10  per  year  <  — Tnyrci' 

and  8-hr.  per  day  first  class  power;  that  is,  power  that  will  not 
fail  in  seasons  of  low  water  will  cost  $14.00  per  year. 

The  sohd  Une  on  the  diagram  shows  the  cost  per  electrical 


}. 
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horse  power  per  year  at  the  market  of  first-class  power  for  the 
various  hours  per  day  as  determined  by  the  low-water  flow.  To 
apply  this  diagram  to  find  the  cost  of  power  for  mill  operation, 
there  must  be  added  the  yearly  cost  of  transmission,  step-down 
transformers,  and  motors.  These  are  not  included  in  preparing 
this  diagram. 

The  dotted  line  on  the  same  diagram  shows  the  cost  of  steam 
power  per  year  per  indicated  horse  power  in  the  cotton  mills  in 
the  vicinity  of  the  water  power,  mills  with  steam-engine  plants 
of    1000   h.  p.   each,  determined  as  follows: 
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Fig.  1. 


Cost  of  plant  ($50.00  per  indicated  h.p.  of  capacity $50,000.00 

Annual  cost  of  1000  indicated  h.p.  in  mills. 

Labor 2.220.00 

Coal  (2-lb.  per  indicated  h.p.)  at  $3.25  per  ton 12,000.00 

1,000.00 

3.000.00 

2.000.00 

1.000.00 

3.000.00 


Oil  waste,  and  light  repairs 

Interest  at  6% 

Genera!  expenses 

Sinking  fund  2% 

Repairs,  renewals  and  depreciation. 


Total  cost  per  year $24,220.00 

Yearly  cost  per  indicated  h.p.  (66  hours  per  week) $24. 22 
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For  mill  purposes  an  indicated  horse  power  may  fairly  be  com- 
pared to  an  electrical  horse  power  delivered  at  the  mill. 

The  upper  dotted  line  on  the  diagram  shows  approximately 
the  cost  per  year  per  indicated  horse  power  of  steam  power  for 
various  hours  per  day  of  service.  This  cost  is  made  up  on  the 
basis  of  interest  and  sinking  fimd  and  15%  of  the  coal  and  one 
half  of  the  labor  and  general  expenses  and  repairs,  renewals  and 
depreciation,  and  oil  and  waste,  imaflEected  by  the  hours  of  ser- 
vice and  all  the  remaining  items  of  cost  directly  proportioned 
to  the  hours  of  service.  To  meet  these  conditions,  labor  released 
by  shortening  the  hours  of  engine-run  would  have  to  be  used  in 
repair  work  or  other  work  about  the  mill.  These  divisions  just 
given  can  only  be  considered  approximate  within  reasonable 
limits,  but  for  the  variations  shown  by  the  dotted  line  on  the 
diagram  they  are  approximately  correct. 

Note  that  the  fixed  charges  per  indicated  horse  power  for  the 
steam  plant;  that  is,  the  charges  that  are  wholly  independent  of 
the  hours  of  use,  are  about  $8.00  per  year. 

If  the  steam  plant  described  is  installed  and  held  in  reserve  as 
an  auxiliary  to  the  water  power,  the  total  cost  of  power  per  year 
will  be  the  cost  of  the  water  power  plus  $8.00  per  horse  power 
per  year,  plus  the  cost  of  operating  the  steam  plant  as  an 
auxiliary. 

The  cost  per  electrical  horse  power  per  year  of  secondary  power 
from  the  hydroelectric  plant  is  shown  by  the  lower  dotted  line 
at  $4.83,  and  is  determined  as  follows: 

Cost  op  Secondary  Power. 
Construction  cost  per  electrical  horse  power  capacity  at  the  market : 

Repairs, 
renewals, 
and  de- 
Cost        preciation 

Dam,  etc 00.  xx 

Racks  and  gates  at  8% 2.61         0.21 

Crane 00.  xx 

Power  house  (li%) 2.50         0.04 

Electric  machinery  (6%) 15.95         0.96 

Wheels  and  governors  (10%) 7.88         0.79 


$28.94       $2.00 
Eng.  and  interest 2.89 


Total $31 .83       $2.00 
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Secondary  power  at  the  market  (exclusive  of  transmission-line  cost) 
Repairs,   renewals  and   depreciation,   per  electrical 

horse  power  per  year $2 .  00 

Interest.  6%  on  $31.83 1.91 

Operating  plant,  about 0. 60 

Taxes,  about 0. 10 

Sinking  fund  at  1%  of  cost 0. 32 

Actual  cost  of  secondary  power  per  year $4.83 


$4.83  per  electrical  horse  power  per  year  for  10  hours  per  day 
service  is  the  cost  of  second-class  power  to  this  plant.  This 
power  will  fail  in  seasons  of  low  water.  In  other  words,  if  more 
machinery  were  installed  it  would  cost  with  this  plant,  $4.83  per 
year  to  generate  power  that  would  fail  in  seasons  of  low  water, 
but  would  be  available  from  seven  to  twelve  months  per  year 
according  to  the  rainy  seasons.  If  the  secondary  power  were 
used  more  or  less  than  10  hours  per  day,  there  would  be  a  slight 
increase  or  decrease  in  the  cost  due  to  the  change  of  wear  on  the 
machinery — the  cost  of  secondary  power  is  shown  on  the 
diagram. 

The  diagram  is  useful  only  to  show  the  relative  cost  of  steam 
power  and  power  by  the  hydroelectric  plant  described  when 
employed  in  mill  work.  To  apply  to  electric  lighting  and  call- 
way  and  sundry  work,  an  entirely  new  and  much  more  com- 
plicated diagram  must  be  drawn. 

For  the  steam-driven  plant,  it  must  include  the  interest,  de- 
preciation and  repairs  on  the  electrical  machinery;  the  losses  in 
conversion  of  the  mechanical  power  of  the  engine  into  electrical 
power  must  be  accounted  for;  and  the  wages  of  an  extra  shift  of 
men  must  be  added  to  the  steam-power  cost. 

As  a  partial  offset  to  these  items   would  be  this  advantage  of 
the  steam-plant,  that  at  a  reduced  economy  it  would  carry  for 
short  periods  large  overloads,  which  would  care  for  peaks  that , 
sometimes  occur  in  lighting  and  railway  work.     Water  powers 
rarely  have  capacity  for  overloads  much  in  excess  of  their  rating. 

Electrical  transmission  has  made  it  possible  for  water  powers 
to  reach  and  serve  a  widely-diversified  market,  and  in  developing 
them  to  meet  the  present  conditions  many  interesting  engineering 
and  economic  problems  arise.  Every  case  must  be  analyzed  and 
each  of  the  matters  suggested  herein  should  have  careful  con- 
sideration. Every  manager  of  a  hydraulic  plant  should  fully 
vmderstand   the   characteristics  of  his  property  and   carefully 
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consider  the  demand  on  his  plant  of  each  item  of  load  added  to 
his  system.  There  is  no  power  load  so  tmdesirable  that  will  not 
pay  at  some  price,  but  profit  or  loss  is  the  resultant  of  many 
variables  both  in  the  plant  and  in  the  load.  The  best  results 
can  only  be  obtained  by  a  full  knowledge  and  understanding  of 
the  various  conditions,  and  good  judgment  to  select  and  com- 
bine the  most  advantageous  loads  reached  by  the  transmission 
system. 
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STANDARDIZING  RUBBER-COVERED  WIREwS  AND 
CABLES. 

BY  JOHN    LANGAN. 

The  effect  of  the  tendency  toward  high  electrical  pressures 
is  nowhere  more  severely  felt  than  in  the  requirement  for  in- 
sulated wires  and  cables,  for  insulation  practically  controls 
this  feature  of  electrical  distribution.  Electrical  pressures 
can,  to  be  sure,  be  increased  to  almost  any  extent,  and  elec- 
trical energy  be  transmitted  to  almost  any  distance;  but  to 
control  its  pathway,  to  regulate  its  course,  to  prevent  waste, 
and  maintain  safety,  this  is  the  problem — the  big  underlying 
problem — of  all  electrical  distributions  of  to-day.  Five  hun- 
dred volts  and  under  are  easily  controlled;  but  pressures  of 
5  000,  10  000,  or  20  000  volts  introduce  new  problems,  prob- 
lems that  were  not  even  thought  of  in  the  days  when  110  volts 
were  considered  standard  practice. 

On  the  distributing  and  not  the  generating  mediimi,  then, 
depends  the  success  of  the  present  tendency  in  electrical 
distribution.  A  badly  instilated  wire  or  cable  will  imperil 
the  success  of  any  system.  Not  only  must  the  insulation 
itself  be  perfect,  it  must  also  be  properly  tested,  properiy 
installed,  and  properiy  protected.  And  curiously  enough, 
engineers  while  examining  carefully  eveiy^  other  feature  of 
a  transmission  system,  will  often  pass  lightly  over  the  ques- 
tion of  cables.  Cables,  some  appear  to  think,  arc  all  alike. 
If  they  possess  the  common  identity  of  copper,  this  establishes 
a  relationship  of  equality,  and  laboring  under  this  very  general 
illusion,  rubber-covered  cables  are  called  for  and  purchased 
with  no  other  restriction  as  to  quality  than  that  they  shall 
conform  to  the  National  Code  or  the  Board  of  Fire  Underwriters* 
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rules.  All  this  wire  made  subject  to  **code"  rules  passes  under 
the  general,  but  misleading  name  of  "  rubber  covered,"  when, 
as  a  matter  of  fact,  there  is  not  an  ounce  of  rubber  in  its  com- 
position. It  is  composed  of  cheap  ingredients,  rubber  sub- 
stitutes and  the  lilze,  and  bears  about  the  same  relation  to  fine 
rubber  that  a  burnt  cinder  does  to  a  lump  of  coal.  Naturally, 
such  insulation  as  this  will  not  last  long,  since,  having  no  rub- 
ber, it  possesses  no  \dtality,  no  dielectric  strength,  no  ca- 
pacity for  work,  and  consequently  becomes,  in  a  short  time, 
an  easy  prey  to  variations  of  temperature  and  climatic  con- 
ditions. The  fault  here  lies  not  with  the  manufacturer,  but 
with  the  rules;  for  the  rules  impose  no  provision  as  to  quality. 
All  they  require  is  a  certain  diameter  of  insulation ;  but  whether 
this  diameter  should  be  wholly  or  partly  composed  of  mud  or 
rubber,  they  are  altogether  silent.  Of  course,  no  one  doubts 
the  good  intentions  of  the  framers  of  these  rules.  But  as  indicat- 
ing how  wide  of  the  mark  they  go  in  fulfilling  any  requirement  of 
good  insulation,  let  me  quote  here  what  the  rules  say  about 
testing  the  wires  before  installation. 

"  Each  foot  of  the  completed  covering  must  show  a  dielectric  strength 
sufficient  to  resist  for  five  (5)  minutes  the  application  of  3  000  volts  per 
1/64  of  an  inch  thickness  of  insulation. 

For  example,  they  would  require  a  conductor  with  10/32-in. 
wall  of  insulation  to  stand  a  test  of  60  000  volts;  or  a  No.  14  wire 
which  calls  fc  r  3/64-in.  wall,  a  test  of  9  000  volts.  The  absurdity 
of  these  tests  must  be  evident  to  anyone  having  the  slightest 
familiarity  with  the  practical  side  of  electrical  engineering. 
From  what  source  such  data  were  derived  is  hard  to  tell ;  for 
there  is  not  the  slightest  warrant  either  in  theory  or  in  prac- 
tice for  it.  Even  the  highest  grade  of  fine  Para  would  stand 
no  such  test,  much  less  the  cheap,  bituminous  rubbish  that 
enters  virtually  into  every  foot  of  what  is  termed  "code  wire." 

The  rules  say  that  the  insulation  must  stand  3  000  volts  for 
every  l/G4-in.  wall  of  insulation.  This  requirement  is,  to  be 
sure,  absurd.  But  supposing  this  possible,  who  is  to  enforce 
it?  No  one,  and  no  one  does.  The  situation  is  like  a  body  of 
law  givers  formulating  an  arbitrary  law,  but  making  abso- 
lutely no  provision  for  anyone  to  enforce  the  law.  In  the 
case  of  the  big  telephone,  telegraph  and  power  companies,  in 
or  contiguous  to  New  York;  that  is,  contiguous  to  the  manu- 
facturers, this  is  simple  enough,  as  they  send  a  qualified  engi- 
neer to  make  the  necessary  tests  at  the  manufacturer's  plant. 
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But  what  is  the  engineer  or  consumer  to  do  who  lives  in  New 
Orleans  or  San  Francisco  or  Chicago?  Clearly  he  cannot 
jotuney  to  New  York  to  test  his  wire,  and  so  is  forced  to  accept 
any  old  thing  that  is  called  **  rubber-covered  "  when,  as  a 
matter  of  fact,  it  might  be  entirely  destitute  of  any  rubber. 

The  object  then  of  this  paper  is  to  point  out  and  define 
means  of  standardizing  rubber  insulation.  There  is  now  no 
standard,  no  guide,  nothing  whatever  to  compel  a  uniformity 
of  compound,  excepting  such  as  is  obtained  through  a  tedious 
and  expensive  chemical  analysis.  In  doing  this,  however,  it  is 
not  proposed  to  touch  at  all  on  technical  and  mathematical 
questions,  such  as  capacity,  heating,  static  conditions,  and  the 
like.  These  are  matters  which  properly  concern  the  electrical 
and  consulting  engineer,  and  while  of  great  importance,  are, 
after  all,  subordinate  to  the  more  vital  and  practical  questions 
of  good  insulation.  With  this  assured,  everything  else  logically 
follows.  And  besides,  theoretical  formulas  are  of  little  value 
unless  based  on  something  specific  and  definite.  With  variable 
and  uncertain  premises,  you  cannot  avoid  variable  and  uncer- 
tain conclusions.  And  it  is  because  of  this  widely  varying 
character  of  rubber  insulation  that  nearly  all  such  formula 
are  imcertain  and  misleading.  Under  existing  conditions  then 
the  electrical  engineer  has  little  in  the  way  of  data  to  guide  him 
in  obtaining  reliable  insulation. 

This,  I  know,  sounds  very  heterodox.  For  if  there  is  any 
one  dogmatism  to  which  electrical  practice  seems  unchangeably 
attached,  it  is  that  of  a  firm  belief  in  the  value  of  a  voltage  test 
in  determining  dielectric  efficiency.  Yet  nothing  could  be  more 
misleading  .  Indeed  it  may  be  affirmed  that  a  potential  test  is, 
in  itself,  no  criterion  whatever  of  permanent  value.  As  an  aid 
— as  a  collateral  agent — it  does,  however,  play  an  important  part. 
But  as  indicating,  much  less  proving,  permanent  merit,  nothing 
could  be  more  misleading  and  empirical.  And  the  reason  for 
this  will,  on  a  little  reflection,  be  obvious  enough. 

You  are  all  familiar  with  the  influence  of  certain  oils  on 
high-tension  switches  and  transformers.  These  withstand 
potentials  that,  without  these  adventitious  aids,  would  be  alto- 
gether impossible.  Certain  mineral  and  vegetable  oils  will, 
therefore,  stand  extremely  high  pressures,  and  in  this  we  have 
a  clue,  and  even  a  proof,  why  many  obviously  cheap  insulating 
compounds  stand  very  high  potential  tests,  and  yet  will,  in  a 
short  time,  break  down  in  actual  service.     The  logic  of  this 
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anomalous  condition  is,  that  when  these  communicated  oils  in 
the  compoimd  evaporate — as  they  will  in  a  short  time — the 
temporary  and  adventitious  virtues  they  possess,  disappear 
also,  and  the  insulation  deprived  of  this  artificial  support, 
quickly  falls  into  disintegration  and  decay.  This  is  the  in- 
evitable history  of  all  such  combinations.  The  situation  is 
somewhat  aldn  to  a  horse  **  doped  "  for  a  race,  who  shows  a 
surprising  turn  of  speed  for  a  short  distance,  and  then  suddenly 
collapses.  From  this  it  will  be  seen  that  a  puncture  test  is, 
in  itself,  an  tmcertain  proof  of  dielectric  excellence. 

What  is  it  then  that  constitutes  good  insulation,  and  how 
can  we  ascertain  and  know  it?  This  is  the  all  important  ques- 
tion. With  this  assured,  everything  else  logically  follows. 
The  concensus  of  opinion,  derived  alike  from  theoretical  and 
practical  experience,  is  that  rubber  is  the  best  of  all  insulating 
materials.  There  will,  it  is  believed,  be  little  dissent  from 
this  established  conclusion.  Its  use  to-day  is  practically  uni- 
versal. It  has  survived  the  vicissitudes  of  time  and  experience, 
has  successfully  refuted  the  claims  of  all  alleged  substitutes, 
and  stands  to-day  the  imrivaled  and  indisputable  factor  in 
transmission,  without  which  electrical  progress  would  be  un- 
certain and  precarious.  We  need  not,  therefore,  resort  to  any 
detailed  proof  of  rubber's  right  to  insulating  preeminence. 
Twenty  years  of  practical  experience  justifies  the  wisdom  of 
its  use.  In  fact,  it  is  the  quantity  and  quahty  of  the  rubber 
in  the  compound  that  differentiates  the  grade,  and  determines 
the  price  of  every  wire  and  cable  on  the  market. 

But  while  rubber  is  the  principal  feature  of  good  insulation, 
it  is  not  the  only  feature.  As  a  matter  of  fact,  rubber  in  itself 
is  valueless  as  an  insulating  medium.  The  reason  for  this  is 
that  in  its  native  condition  it  absorbs  a  certain  amount  of 
moisture,  and  when  exposed  to  the  air  readily  oxidizes.  These 
factors  of  disintegration  naturally  preclude  its  use  as  a  dis- 
tinct and  separate  constituent  for  insulating  purposes.  But 
in  conjunction  with  other  ingredients,  and  when  allied  with 
sulphur,  and  properly  vulcanized,  it  becomes  not  only  abso- 
lutely waterproof,  but  indeed,  under  normal  conditions,  one 
might  say,  indestructible.  From  this  it  will  be  seen  that 
there  are  two  factors  involved  in  good  insulation.  The  funda- 
mental thing  is,  of  course,  that  the  rubber  be  fine  Para.  But 
it  does  not  matter  how  good  the  rubber  is  or  how  much  ot 
it  is  incorporated  in  the  compound,  if  the  vulcanization  is  not 


1906.]  LANGAN:  RUBBER-COVERED  WIRES,  195 

properly  carried  out,  the  instilation  will  be  defective.  In  fact, 
it  is  hardly  exaggerating  things  to  say  that  the  art,  or  the  science, 
of  rubber  insulation,  resides  chiefly  in  the  proper  tmderstanding 
of  vtdcanization.  This  consists  in  the  addition  of  a  certain 
percentage  of  sulphur — generally  about  3% — to  the  rubber 
and  then  subjecting  this  association  to  a  certain  temperature 
for  a  certain  dtiration  of  time.  The  result  is  vulcanized  rubber. 
Vulcanization,  then,  is  that  more  or  less  mysterious  factor 
which  gives  the  rubber  longevity,  durability  and  immtmity 
from  oxidation  when  exposed  to  atmospheric  and  other  con- 
ditions. In  short,  it  is  what  may  be  called  **  embalming " 
the  rubber.  Without  it  rubber  is  absolutely  worthless  for 
insulating  purposes;  with  it,  it  becomes,  imder  normal  con- 
ditions, virtually  indestructible. 

Bear  in  mind,  however,  that  there  are  many  and  different 
grades  of  rubber,  all  varying  in  price  as  in  quality,  and  it  is 
only  by  a  knowledge  and  recognition  of  this  wide  diversity  of 
character  that  an  engineer  can  intelligently  make  up  specifica- 
tions and  rigidly  enforce  them. 

Chemically  considered,  rubber  is  differentiated  by  the  amount 
of  acetone  soluble,  extractive,  or  resinous  matter  which  it  con- 
tains, and  physically  by  its  tensile  strength.  Both,  of  course, 
are  closely  related;  for  where  it  is  chemically  poor,  it  is  also 
physically  weak.  In  brief,  a  high  percentage  of  resinous  mat- 
ter is  indicative  of  the  cheaper  grades,  such  as  African,  Mada- 
gascar, and  some  South  American  products ;  and  a  low  percentage 
indicates  the  best  grades  of  fine  Para,  such  as  Bolivia,  Maderia, 
and  Up-River.  The  best  grades  differ  little  as  to  merit,  whereas 
the  others  fluctuate  a  great  deal  as  to  quality  and  price.  In 
the  former,  the  resinous  matter  is  as  high  as  20%,  and  in  the 
latter,  it  seldom  exceeds  1%. 

This,  then,  is  the  chemical  reason  for  the  high  regard  in 
which  fine  Para  is  held,  and  it  is  with  this  grade  that  the  fol- 
lowing specifications  and  tests  will  be  exclusively  associated. 
You  will  observe  from  this,  that  in  proportion  as  rubber  is 
high  in  extractive  matter,  its  estimation  is  low;  and  vice  versa, 
that  as  it  is  low  in  extractive  matter,  its  price  is  high.  In  other 
words,  both  quality  and  price  will  vary  inversely  with  the 
amount  of  resinous  matter. 

These  commercial  aspects  are  the  result  of  practical  experi- 
ence ;  for  it  has  been  found  that  the  life  of  rubber  bears  a  direct 
relationship  to  the  resinous  matter  it  contains.     It  is,  there- 
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fore,  of  evident  importance  to  have  an  elementary  knowledge 
of  these  characteristics;  for  it  is  a  lack  of  this  knowledge  that  is 
responsible  for  the  wide  and  general  mischief  caused  by  the 
belief  that  all  wires  and  cables  called  **  rubber-covered  **  are 
alike,  when,  in  reality,  if  they  possess  any  rubber  at  all,  they 
may  have  nothing  in  common  but  the  copper  conductor. 

With  the  physical  aspect  of  rubber,  you  are  all,  no  doubt, 
more  or  less  familiar.  It  is,  as  you  know,  astonishingly  strong; 
indeed,  it  is  doubtful  if  a  piece  of  fresh  fine  Para,  of  a  few 
inches  in  diameter,  could  possibly  be  broken  by  the  average 
man.  It  is  very  elastic  too,  stretching  to  such  an  extent  as  to 
render  a  substance  in  itself  opaque,  perfectly    translucent. 

Now,  from  an  analysis  of  these  facts,  it  will  be  perfectly 
obvious,  that,  since  rubber  is  in  itself  very  strong  and  very 
elastic,  these  characteristics  should  be  present  in  any  insulated 
wire  in  proportion  to  the  quantity  and  quality  of  the  rubber 
in  the  insulation.  And  from  this  it  would  seem  that  good 
insulation  resolves  itself  largely  into  a  question  of  tensile 
strength.  This,  on  the  whole,  is  true.  But  owing  to  the  im- 
mense influence  exerted  by  vulcanization,  this  is  subject  to  im- 
portant modifications  which  will  be  referred  to,  and  enlarged 
on,  as  we  progress  in  this  paper. 

It  is  well  known  that  while  vulcanization,  when  prop- 
erly done,  does  not  alter  the  constitution  of  rubber,  yet  it  can 
be  made  to  affect  adversely  or  deceptively  modify  its  behavior. 
For  example,  if  it  is  over- vulcanized  it  will  become  hard  and 
somewhat  brittle;  and  if  under- vulcanized,  it  will  become  flabby 
and  inert.  In  either  case  the  result  is  indicative  of  imperfect 
insulation,  and  will  not  fulfil  the  requirements  of  a  tensile  test. 
In  the  one  case  it  will  break,  and  in  the  other  it  will  stretch 
but  not  return.  Good  insulation,  then,  is  clearly  indicated 
by  its  prompt  return  after  being  stretched  several  times  to,  sa> , 
three  to  four  times  its  length.  Stretching  to  three  and  one-half 
times  its  length,  as  above  indicated,  is,  roughly  speaking, 
equal  to  about  800  lb.  to  the  square  inch.  But  bear  in  mind 
that  merely  stretching  implies  nothing;  almost  any  kind  of 
rubber  will  stretch.  But  where  the  first-class  rubber  is,  the 
insulation  will  jump  back  with  a  \4gor  somewhat  similar  to  a 
magnetic  pull.  What,  however,  is  aimed  at  in  this  test,  is  a 
tensile  strain  of  not  less  than  SOO  lb.  to  the  sqaure  inch,  and 
wherever  practicable,  this  is  much  more  effective  in  weeding 
out  the  cheaper  grades  of  rubber,  than  the  elongation  test 
alone  is. 
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Now,  it  has  been  clearly  and  repeatedly  proved  that  where 
there  is  30%  of  fine  Para  in  the  insulation,  this  physical  test 
is  easily  obtained.  Of  this  there  is  not  the  slightest  doubt. 
In  obtaining  this  proof,  every  manufacturer  on  the  American 
market  unwittingly  contributed  to  the  result.  It  was  felt 
that  to  rely  on  any  one  brand  or  any  one  make  would  be  one- 
sided and  inadequate,  and  so  every  grade  or  combination  of 
grades  of  different  manufacturers  was  chemically  analyzed, 
in  order  to  verify  the  physical  tests  obtained.  The  object  was 
to  discover  a  physical  test  that  would  enable  the  electrical  en- 
gineer to  obtain  by  a  simple,  inexpensive  method,  what  can, 
with  precision,  be  obtained  only  by  a  tedious  and  expensive 
chemical  analysis.  The  original  calculations  were  based  on 
the  assumption,  that  since  30%  of  Para  does,  unmistakably, 
produce  the  tensile  tests  already  referred  to,  any  insulation 
fulfiling  these,  must,  necessarily,  possess  30%  also.  But  it 
was  found  that  a  combination  of  a  lesser  amoimt  of  Para  and 
a  large  amount  of  a  cheaper  grade  of  rubber,  would  initially, 
at  any  rate,  produce  the  same  test  that  30%  of  fine  Para  would. 
But  to  do  it  successfully,  the  compound  has  to  contain  between 
40  and  50%  of  this  cheaper  grade.  This  can  best  be  explained 
by  a  single  example:  bids  were  asked  for  on  a  20  000- volt 
cable,  the  insulation  to  contain  not  less  than  30%  of  fine  Para, 
free  from  all  shoddy,  rubber  substitutes,  and  the  like.  The 
first  two  samples  submitted  did  not  meet  the  physical  test,  and 
were  rejected.  The  third  experiment  was  successful,  met  all 
the  requirements  specified,  electrically  and  physically,  but  on 
a  chemical  analysis,  here  is  what  it  contained:  15%  of  Para  and 
30%  of  some  cheaper  grade  of  rubber,  making  all  told,  45% 
to  meet  the  requirements  of  the  specifications.  Now,  this  is 
an  extremely  interesting  exhibit,  the  import  of  which  will,  it 
is  hoped,  be  evident  to  all. 

The  first  lesson  that  it  conveys  is,  that  this  physical  test, 
rigidly  enforced,  precludes  absolutely  the  use  of  shoddy,  bi- 
tuminous products,  and  even  the  cheap  grades  of  rubber.  The 
second  is,  that  it  takes  40  to  50%  of  a  cheaper  combination  to 
do  what  30%  of  pure  Para  will  do. 

Another  way  of  looking  at  it  is,  that  the  physical  test  does 
not,  in  itself,  prove  that  the  insulating  compound  contains  noth- 
ing else  but  pure  Para.  This,  to  be  sure,  is  a  drawback  to  its 
exclusive  use  where  the  best  results  are  wished  for.  But,  on 
the  other  hand,  if  it  does  not  give  you  the  best,  it  does,  at  any 
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rate,  wipe  out  all  cheap  rubber  substitutes,  and  gives  you  an 
insulation  that,  if  not  equal  in  durability  to  30%  of  Para,  is 
immeasurably  superior  to  anything  you  can  now  obtain  by 
any  other  means  short  of  a  chemical  analysis.  This,  in  itself, 
is  an  immense  advantage.  It  enables  the  distant  engineer 
to  do  what  he  could  not  do  heretofore;  to  tell  off-hand  what 
the  character  of  the  insulation  is;  that  is,  to  strip  the  insula- 
tion from  the  wire,  and  test  according  to  the  specifications  herein 
to  follow.  Any  one  can  verify  the  value  of  it  by  getting  some 
code  wire,  and  applying  tliis  test  to  it,  or  indeed,  for  that  mat- 
ter, the  best  wire  to  be  found  on  the  market,  and  see  what 
the  comparison  will  reveal. 

In  this  test  we  have,  it  is  believed,  a  cure  for  the  growing 
degeneration  of  National  Code  wire.  It  enables  the  Board  of 
Underwriters,  architects,  and  engineers — all  who  are  responsible 
for  this  class  of  work,  to  test  off-hand,  and  without  expense  or 
trouble,  the  character  of  the  insulation. 

But  while  it  does  all  this,  the  fact  remains  that  the  physical 
test  alone,  does  not  compel  precise  results — does  not  necessarily 
compel  30%  of  fine  Para  in  the  insulating  compound.  It  does, 
however,  compel  30%  of  rubber.  This,  as  I  have  already  said, 
is  an  immense  advance  over  the  bituminous  products  you  could 
ordinarily  get.  But  there  is  rubber  and  rubber  as  there  arc  men 
and  men,  and  I  am  purposely  reiterating  this  difference  again, 
so  that  you  will  carefully  distinguish  between  cheap  grades 
and  the  fine  Para. 

How  to  obtain — how  to  compel — 30%  of  fine  Para  in  the 
insulating  compound  is,  then,  the  problem,  where  the  best  and 
most  enduring  results  are  desired.  There  is,  unfortunately,  no 
way  short  of  a  chemical  analysis  of  proving  this.  And  even 
then,  we  are  constantly  beset  by  stubborn  facts  and  obscure 
difficulties  which  may  neutralize  the  value  of  an  anlaysis 
unless  the  specifications  be  carefully  worded.  For  the  chemist 
— and  he  must  be  a  very  skilful  one  at  that — can  prove  nothing 
whatever  except  by  imposing  rigid  restrictions  as  to  what  the 
compound  shall  contain.  For  example:  were  you  to  merely 
say  that  the  compound  shall  contain  30%  of  rubber  and  leave 
it  at  that,  then  the  analysis  would  prove  nothing  more  than 
that  there  was  30%  of  rubber  it  in,  but  whether  it  was  good, 
bad  or  middling  rubber,  it  could  not  determine.  Now,  this  is 
one  of  the  perplexities  of  a  chemical  analysis  of  rubber  insula- 
tion.    There  is,  however,  a  way  of  arriving  at  chemical  pre- 
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cision,  one  which  proves  indubitably  the  character  of  the 
rubber  employed. 

In  the  earlier  part  of  the  paper,  it  was  noted  that  the  ex- 
tractive or  resinous  matter  in  the  rubber  differentiated  its  grade ; 
that  is,  the  best  grade  of  rubber  has  seldom  more  than  1%, 
and  the  cheaper,  varying  from  5  to  20%.  From  this  it  will 
be  seen  that  by  limiting  the  amount  of  resinous  or  extractive 
matter  that  should  appear  on  a  chemical  analysis  in  the  com- 
pound, you  thereby  determine  the  grade  of  the  rubber.  Of 
this,  there  is  not  the  slightest  doubt.  You  can  verify  this  for 
yourself  in  the  following  way:  ask  for  a  price  first  on  a  wire 
or  cable  to  contain,  say  30%  of  rubber,  and  compare  the  cost 
of  this  with  another  which  calls  for  30%  of  fine  Para,  the  ex- 
tractive matter  in  which,  on  a  chemical  analysis,  shall  not 
exceed  from  3  to  5%.  To  all  who  are  keenly  analytical,  the 
question  will  naturally  occur,  why  allow  3  to  5%  of  extractive 
matter  in  this  analysis,  when  the  fine  Para  itself  has  native  to  it, 
only  about  1  to  1^%.  Well,  in  the  first  place,  during  vulcaniza- 
tion, the  extractive  matter  in  a  30%  fine  Para  compound,  for 
some  cause,  increases  to  about  3%.  We  do  not,  at  present, 
fully  understand  why  this  should  be  so,  but  it  is  so.  And,  in 
the  next  place,  the  addition  of  some  extractive  matter  to  this 
inherent  or  natural  amount,  is  considered  by  the  manufacturers 
a  good  thing  for  the  insulation.  But  the  total  in  the  com- 
pleted or  braided  wire  should  never  exceed  5%;  for  beyond 
this  limit  the  chemist  cannot  differentiate  the  grade  of  the 
rubber,  and  thus  the  value  of  the  analysis  is  compromised  and 
useless.  For  this  reason,  tests  should  be  made  on  the  com- 
pleted wire,  rather  than  on  an  unfinished  sample. 

The  following  specifications  will,  it  is  hoped,  in  view  of  what 
has  been  said,  be  intelligible  to  all. 

Specifications  for  Rubber-Insulated  Wires  and   Cables. 

All  conductors  to  have  at  least  98%  conductivity  and  to  be 
thoroughly  and  evenly  tinned. 

The  insulating  compound  to  contain  not  less  than  30%  and 
not  more  than  32%  of  fine  Para  rubber.  No  shoddy,  reclaimed 
rubber,  rubber  substitutes,  or  the  like,  must,  in  any  fonn, 
be  in  the  compound,  the  extractive  matter  of  which,  when 
chemically  analyzed,  must  not  exceed  5%. 

All  wires  and  cables  pro])crly  insulated  in  accordance  with 
the  above  provisions  must,  after  48  hours'  immersion  in  water, 
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at  a  temperature  of  60®  fahr.  and  before  tape,  braid,  or  lead 
is  applied,  show  the  following  insulation  resistance  and  voltage 
tests.  Insulation  test  to  be  made  with  a  battery  of  100  volts 
after  one  minute's  electrification. 


LOW  POTENTIAL,  600  VOLTS. 


VoltaKe  Test 

B.  &  S.  GHuy.i.-. 

Wall. 
3/04  in. 

ioT  1  Minute. 

Insulation  Resistance. 

No.  14  to  8 

1000 

1  000  inetfuhiiis  per  mile 

6  to  2 

4/04  *• 

1000 

1  000        

1  to  4/0 

5/64  " 

1000 

1000        

230  000  to  500  000  cir-miln. 

6,  64  " 

1000 

750         

550  000  to  1  000  000 

7  04  •• 

1000 

5(H)         

MKUIUM  POTENTIAL.  3  500  VOLTS. 


Vultaj?e  Test 

IJ.  &  S.  OauKc. 

Wall. 

for  1  Minute. 

Insulatiiin  Rvsi-stam-i;. 

No.  14  to  8 

3  32  in. 

5000 

3  000  megohms  per  mile 

6tu2 

3  32  M 

5000 

2  500          

1  to  4/0 

3- 32  •• 

6000 

2  000          

250  000  to  500  000  t  ir-tnils. 

3/32  " 

5000 

1  000        

5,W  000  to  1  000  000       *• 

4/32  " 

5000 

(VH) 

5  000  VOLTS  WORKING  PRESSURF-:. 


B.  &  S.  GauKe. 

Wall. 

0  '32  in. 
6-32  •• 
0'32  " 

ViillaKe  Test, 
for  1  Minute. 

Insulation  Retistanco. 

No.  4  to  4/0 

250  000  to  500  000  i  ir-nuls. 

550  000  to  1  000  (KMJ 

10  000 
10  000 
10  000 

2  500  meRc)hnis  per  mile 
1  500          

1  000        

11  (HM)  VOLTS  WORKING  PRESSURE. 


B.  &  S.  GaviK«". 

Wall. 

Vi.ltaKe  Test 
for  1  Minute. 

Insulati«.»n  Resistunire. 

No.  4  to  4/0 

250  000  to  500  000  l  ir-mils. 

550  000  t«.  1000  000       " 

y/32  in. 
9  32  •• 
»/32  '• 

15  000 
15  000 
15  000 

4  (XX)  meKt>lims  per  mile 
3  000          

1  .>oo       

B.  &  S.  GiiU.ir. 

Wall. 

Voltagt.'  Test 
for  1  Minute. 

Insulation  Resistance. 

No.  4  to  4'0 

250  000  to  500  000  .  ir-miU. 

550  000  to  1  (KM)  000 

10-32  in. 
10  32    •■ 
:o  32   " 

20  000 
20  (MM) 
20  000 

,')  (K)0  me^iuhms  ])vr  tnile 
4  (MK)          

2  :>(K)        

n.  &.  S  Gaiure. 

Wall. 

Voltane  Ti-st 
fiir  1  Minute. 

Insulation  Resistance. 

No.  4  to  4/0 

250  000  to  500  000  cir-mils. 

660  000  to  1  000  000       " 

12 '32  in. 
12/32    •• 
12/32    " 

20  000 
20  000 
20  000 

0  (KJO  megohms  per  mile 

5  IKK)          

3  000         
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For  railway  signaling,  fire  alarm,  telephone,  and  telegraph 
purposes  the  walls  of  insulation  should  not  be  less  than  the 
following: 


3.  &S. 

Rubber 

Voltage  Test 

Insulation    Resistance 

Gauge. 

Wall. 

for  1  Minute. 

Per  Mile. 

18 

1/16  in. 

1000 

3  000    Megohms 

16 

1/16  •• 

1000 

3  000 

14 

1/16  •• 

1000 

3  000 

12 

5/64  •• 

1000 

3  000 

10 

5/64  •• 

1000 

3  000 

8 

5/64  •• 

1000 

3  000 

& 

5/64  •• 

1000 

3  000 

6 

3/32  •• 

2000 

2  500 

4 

3/32  •• 

2000 

2  500 

2 

3/32  •• 

2000 

2  500 

1 

3/32  •• 

2000 

2  000 

0 

3/32  " 

2000 

2  000 

00 

3/32  " 

2000 

2  000 

000 

3 '32  •• 

2000 

2  000 

0000 

3  32  " 

2000 

2  000 

Elongation  Test. 

In  addition  to  the  above  tests,  the  insulating  material  of 
every  wire  must  stand  an  elongation  test  of  stretching  three 
times  its  length  several  times;  that  is,  a  piece  2  inches  long 
must  stretch  to  6  inches  and  promptly  return  to  within  20% 
of  its  original  length.  It  must  then  stretch  four  times  without 
break  or  rupture  and  return  to  25%  of  its  original  length. 

This  elongation  test  is  intended  principally  for  Code  wire, 
and  would,  even  by  omitting  all  conditions  as  to  rubber,  compel 
results  that  would  be  entirely  reliable  and  satisfactory  for  all 
conditions  of  Code  use. 

Tensile  Test. 

Any  piece  of  insulation,  about  i  in.  wide  by  ^  in.  thick, 
stripped  from  the  completed  wire  or  cable,  should  stand  a  ten- 
sile strain  of  800  lb.  to  the  square  inch,  and  stretch  to  3^  times 
its  length  without  rupture. 

The  following  provision  will  be  found  useful:  the  manu- 
facturer must  notify  the  electrical  engineer  when  wire  is  ready 
for  testing,  and  in  no  instance  must  shipment  be  made  until 
notified  of  approval  and  acceptance  as  per  above    tests. 

Tests. 
In  carrying  out  the  tests  embodied  in  thcvse  specifications,  there 
is  sought  something  quite  different  from  the  ordinary  potential 
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and  electrical  tests.  Heretofore  the  electrical  engineer,  when  he 
imposed  any  test  at  all,  relied  solely  upon  a  puncture  test. 
If  it  met  these  requirements  he  asked  for  nothing  more.  If  a 
wire  or  cable  withstood  a  very  high  puncture  test,  it  was  looked 
upon  as  a  prima  facie  evidence  of  dielectric  excellence,  for- 
getting that,  had  the  pressure  been  maintained  a  moment 
longer,  the  insulation  might  have  broken  down.  It  is 
a  most  mischievous  practice,  and  a  wholly  misleading  notion 
of  safety,  to  push  a  test  up  to,  or  even  to  approach  closely  the 
dielectric  limit  of  the  insulation ;  for  it  is  no  imcommon  occur- 
rence to  find  the  very  best  insulation  hopelessly  injured  by  this 
practice.  It  may  not  be  well  known,  but  it  is  a  fact,  never- 
theless, that  it  is  the  rise  in  temperature  which  accompanies 
a  rise  in  potential,  that  is  so  destructive  of  rubber  insulation. 
The  layers  next  the  copper  naturally  feel  these  injurious  effects 
first,  and  they  thus  successively  carbonize  and  break  down 
with  this  increasing  elevation  of  pressure  and  temperature. 

It  frequently  happens  that  a  cable  may  pass  an  exacting 
puncture  test,  and  be  to  all  appearances  in  first-class  condition, 
when  in  reality  the  insulation  has  been  so  strained  that  it  col- 
lapses at  the  first  physical  or  potential  strain  imposed  upon  it. 
This  is  a  frequent  occurrence.  A  potential  test  is  not,  there- 
fore, in  itself,  an  exact  nor  even  an  approximate  proof  of  in- 
sulating merit. 

You  must  not,  however,  assume  from  .this,  that  puncture 
tests  are  of  no  value,  for  they  are,  and  of  great  value,  but  to 
be  of  value,  they  must  be  employed,  not  as  a  means  to  destroy 
merit,  but  to  discover  imperfections.  Here,  should  be  their 
chief  object;  and  in  this  respect  they  are  of  incalculable  im- 
portance to  the  electrical  engineer. 

It  is  obvious  that  a  cable  may  be  well  made  up  of  very  poor 
material,  or  it  may  be  imperfectly  made  up  of  the  very  best 
material.  In  the  one  case,  there  is  good  workmanship  with 
poor  material,  and  in  the  other,  bad  workmanship  with  good 
material.  In  the  first  case  the  cable  is  intrinsically  poor,  and 
in  the  second  it  is  intrinsically  good  but  imperfectly  made  up. 
This  imperfection  may  be  slight  or  considerable;  it  may  be 
due  to  a  piece  of  gravel  or  an  air-bubble  in  the  compound. 
In  a  case  like  this,  nothing  but  a  puncture  test  will  discover 
the  fault.  But  the  test  should  be  nominal,  and  there  is  no 
need  of  pushing  it  to  the  point  of  rupture.  If  there  is  any 
weakness  or  imperfection,  5  000,  10  000,  or  15  000  volts,  de- 
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pending  on  the  thickness  of  the  wall  of  insulation,  will  discover 
it,  after  one  minute's  application. 

It  may  be  laid  down  as  a  safe,  general  rule  that  a  puncture 
test  should  never  exceed  double  the  working  pressure,  but  this 
is  true  only  up  to  a  certain  limit,  say  15  000  volts  working 
pressure.  After  25  000  to  30  000  volts  are  reached,  the  tem- 
perature increases  so  fast  that  it  becomes  increasingly  destruc- 
tive to  the  vitality  and  durability  of  the  insulation. 

Much  of  the  present  tendency  for  high  potential  and  break- 
down tests,  is  the  result  of  an  altogether  erroneous  comparison 
with  tests  imposed  on  paper-insulated  and  similar  cables, 
which  must,  of  course,  be  lead-covered,  before  any  test  can  be 
made.  Such  tests  are  of  necessity  *'  dry  tests,**  whereas  rubber- 
covered  cables,  on  the  contrary,  are  soaked  in  water  and  tested 
before  the  tape,  braid,  or  lead  is  applied.  For  this  reason  it 
is  hardly  an  exaggeration  to  say  that  double  the  potential  im- 
posed on  a  paper  cable,  is  no  more  exacting  than  half  the  amount 
applied  to  a  rubber  cable.  To  expect,  then,  on  a  rubber  cable 
anything  like  the  same  strain  that  is  ordinarily  put  on  a  paper 
cable,  would  be,  in  effect,  expecting  rubber  to  stand  double 
what  paper  stands. 

In  saying  this,  there  is  no  intention  whatever,  to  institute 
comparisons  between  rubber  and  paper,  or  detract  in  any  way 
from  the  merited  recognition  accorded  to  paper  for  certain 
work.  All  that  is  intended  is  merely  to  point  out  the  fallacy 
of  comparing  tests,  that,  in  their  very  nature,  admit  of  no 
comparison. 

The  specifications  and  tests  here  incorporated  will,  it  is 
hoped,  obviate  this  well-meaning  but  destructive  practice. 
The  really  vital  point  is  to  make  sure  of  the  rubber  in  the 
insulation,  and  this  being  assured  by  the  tests  referred  to, 
all  that  is  needed  in  the  way  of  a  potential  test  is  enough  to 
disclose  imperfections  arising  during  the  process  of  manufactiu'e. 

The  virtue  of  an  insulation  test  is,  as  yet,  imperfectly  recog- 
nized by  the  electrical  profession.  In  fact,  engineers  in  general 
altogether  underestimate  the  value  of  a  high  insulation  resist- 
ance. It  will  doubtless  surprise  many  to  hear  that  as  a  criterion 
of  merit,  it  is  immeasurably  better  than  a  voltage  test.  The 
probable  explanation  of  this  seeming  paradox  is,  that  while  a 
cheap  compound  will  stand  initially  a  high  potential  test,  the 
current,  bticause  of  this  cheapness,  will  sneak  through  it,  and 
show  a  low  insulation  resistance. 
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Conversely,  then,  a  high  insulation  resistance  is  indicative. 
of  a  high-grade  compound.  At  any  rate,  this  much  is  certain, 
that  in  insulating  compoimds  having  30%  fine  Para,  there  is 
always  associated  with  them,  a  very  high  insulation  resistance; 
whereas  in  cheap  compounds,  the  reverse  is  equally  evident.  In 
Code  wire,  for  example,  one  cannot  get  over  400  or  500  megohms 
per  mile,  while  the  best  grade  of  rubber  will  show  three  or 
four  times  this  amount.  A  high  insulation  test  should,  there- 
fore, wherever  possible,  always  supplement  a  physical  test, 
as  it  tends  to  elevate  the  grade  of  the  compound.  When, 
however,  a  chemical  analysis  is  contemplated,  the  necessity 
for  this  is  not  so  obvious;  but  where  it  is  not,  the  two,  if  asso- 
ciated, will  produce  the  most  satisfactory  results. 

The  reason  for  limiting  the  rubber  in  the  compound  so  as 
not  to  exceed  32%  is  this:  it  was  fotmd  that  by  incorporating  a 
large  amount  of  cheap  rubber  with  a  small  amount  of  Para 
the  physical  test  could  be  nominally  complied  with,  thus  de- 
feating the  intention  of  the  specification  to  obtain  the  best 
insulation.  The  object  of  this  limitation,  then,  is  that  by  not 
permitting  fine  Para,  or  any  other  rubber,  in  excess  of  this 
amoimt,  the  best  rubber  has  to  be  employed  to  meet  the  re- 
quirements of  the  physical  test. 

Obviously,  one  manufacturer  cannot  afford  to  use  35  to  40% 
of  fine  Para  at  a  materially  less  price  than  another  who  uses 
only  30%;  and  where  an  analysis  reveals  such  large  amounts, 
o^  anything  in  excess  of  this  limitation,  there  can  be  no  doubt 
whatever,  as  to  the  inferior  grade  of  rubber  used.  This  pro- 
vision, then,  is  extremely  important,  because  with  its  com- 
pulsory observance  there  would  be  little  need  of  a  chemical 
analysis  at  all,  except  in  the  event  of  a  dispute,  when  it  could 
be  resorted  to  as  a  final  court  of  appeal.  The  tensile  test  is, 
under  the  limits  referred  to,  sufficiently  reliable  and  adequate 
for  every  purpose,  for  in  it,  we  have  a  means  of  standardizing 
rubber  insulation  that  can  neither  be  evaded  nor  denied. 
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COMMENTS  ON  PRESENT  UNDERGROUND   CABLE 
PRACTICE. 


BY    WALLACE  S.  CLARK. 


There  are  certain  practices  now  so  general  in  underground 
cable  work  for  light  and  power  in  America  as  to  be  almost 
standard.  Some  of  these  practices  may  be  examined  with  ad- 
vantage. 

Cable  making  was  an  established  art  at  least  a  quarter  of  a 
century  before  cables  were  made  for  service  beyond  signal 
transmission.  Its  development,  therefore,  has  been  somewhat 
more  gradual  than  the  development  of  the  apparatus  for  gener- 
ating the  energy  transmitted.  Perhaps  this  greater  age  has 
tended  to  undue  conservatism. 

Practically  all  cables  of  the  class  under  conside:*ation  have 
continuous  metallic"  sheaths.     Is  this  the  best  engineering? 

Low-Tension  Cables. 

These  are  run  in  conduits  with  some  portion  of  the  circuit 
grounded.  In  railway  practice  one  leg  of  a  two-wire  circuit, 
and  in  lighting  the  neutral  wire,  is  permanently  earthed.  The 
continuous  sheath  on  these  cables  is  an  invitation  to  stray 
currents  and  consequent  electrolysis.  While  dry,  well-vitrified 
tile  is  a  fair  insulator,  but  in  time  the  joints  between  the  sections 
provide  leakage  spots.  Further,  many  ducts  are  damp  at  cer- 
tain seasons  if  not  during  the  entire  year,  making  the  dirt  which 
accumulates  a  sufficiently  good  conductor  to  offer  an  addi- 
tional path  for  stray  currents. 

Grounding  the  sheath  at  each  manhole  was  announced  as  a 
cure  for  electrolysis,  but  instead  of  a  cure  it  has  been  found  in 
some  cases  to  be  a  cause  of  trouble.     The  amount  of  current 
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carried  by  the  sheath  is  greatly  increased,  producing  a  drop 
in  electromotive  force  between  ground  strips  sufficient  to  cause 
a  flow  of  current  to  earth  at  some  intermediate  point  in  the 
duct  and  in  sufficient  volimie  to  give  trouble. 

In  case  of  a  bum-out,  the  continuity  of  the  sheath  aggravates 
the  trouble.  Whether  the  initial  fault  is  in  the  duct  or  in  a 
manhole,  the  tendency  of  the  arc  is  to  travel  along  the  cable, 
and  without  a  sufficient  volume  of  current  to  operate  safety 
devices,  if  such  are  in  the  circuit.  If  at  any  point  another 
continuous  metallic  sheath  comes  within  reach  of  the  travelling 
arc,  the  fine  earth  it  offers  insures  two  cables  out  of  ser\4ce. 
Almost  every  large  installation  can  furnish  from  its  history  a 
serious  and  expensive  experience,  illustrating  this  point.  Fur- 
ther, during  the  bum-out  a  heavy  current  flows  in  the  sheath 
and  this  may  leave  the  sheath  by  arcing  to  earth  on  some 
perfectly  good  section  of  cable,  melting  a  hole  in  the  lead. 

The  volume  of  current  carried  by  these  low-tension  con- 
ductors in  regular  practice  is  so  large  that  in  many  cases  cir- 
cuit-breakers or  fuses  will  not  operate  with  the  current  due  to 
the  short  circuit.  The  ammeters  are  a  poor  guide,  especially 
in  railway  work.  In  many  cases,  the  outside  end  of  the  line 
is  solidly  connected  to  a  network  which  is  capable  of  furnishing 
all  the  energy  needed  to  maintain  the  arc  after  the  defective 
cable  is  disconnected  at  the  station  end;  so  we  cannot  depend 
on  protective  apparatus  as  used  to-day  for  prevention  of  these 
troubles. 

Omitting  the  sheath  will  cure  all  the  above  ills.  To  do  this 
would  bar  paper,  leaded  jacketed  cables  absolutely,  and  would 
increase  the  depreciation  account  if  some  type  of  cable  insula- 
tion needing  lead  only,  as  wood  needs  paint,  were  used.  Aban- 
doning the  lead  entirely  is  an  economic  possibility  with  only 
very  lar^e  conductors,  where  it  may  be  cheaper  to  renew  the 
insulation  on  a  non-leaded  cable,  say  once  in  10  years,  than 
to  renew  a  lead-jacket  cable  once  in  20  years.  These  figures 
are,  of  course,  merely  used  for  comparison,  for  there  is  little 
accurate  knowledge  as  to  the  life  of  insulated  cables.  If,  there- 
fore, we  are  compelled  to  use  a  lead  sheath,  the  writer  believes 
that  it  should  be  interrupted  by  some  form  of  insulating  loint 
on  low-t?nsion  cab  res. 

If  this  plan  is  carried  out,  a  serious  difficulty  is  the  inability 
to  test  che  insulation  of  the  cable.  This  may  be  met  by  the 
use  of  an  insulated  wire — proof  or  pressure  wire — in  the  outer 
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layer  of  strands  forming  the  copper  core.  Such  a  wire  should 
be  insulated  with  some  material  like  treated  paper,  susceptible 
to  the  absorption  of  moisture. 

For  the  purposes  of  initial  tests  when  the  cable  is  installed,  the 
joints  in  the  sheath  may  be  bridged  by  fine  fuse  wires,  which 
are  afterwards  removed.  Several  methods  of  utilizing  the 
pressure  wire  are  suggested  below: 

(a)  The  outer  end  of  the  pressure  wire  is  insulated,  in  which 
case  periodic  tests  of  this  wire  for  insulation  resistance  will 
show  any  incipient  fault  in  the  main  conductor.  Between 
tests  the  wire  can  be  connected  to  a  drop  annunciator  or  other 
signaling  device  which  will  become  operative  in  case  of  a 
bum-out,  since  the  pressure  wire  will  become  '*  alive  **  before 
any  great  amount  of  energy  flows  through  the  fault.  It  might 
also  be  made  to  operate  a  current-interrupting  device. 

(b)  The  wire  may  be  used  to  read  the  pressure  at  the  far 
end  of  the  line.  The  potential  of  the  wire  should  be  opposite 
to  that  of  the  conductor  in  which  it  is  embedded.  A  bum- 
out  would  either  make  the  wire  "dead  '*  or  of  the  same  poten- 
tial and  sign  as  the  main  conductor. 

This  change  in  potential  could  operate  devices  as  above  out- 
lined under  heading  (a).  If  used  in  this  way,  the  pressure 
wire  would  have  to  be  disconnected  at  the  far  end  for  insulation 
tests;  a  much  easier  operation,  however,  than  the  disconnecting 
and  insulating  of  the  main  conductor,  and  one  not  interfer- 
ing with  working  the  line. 

A  secondary  use  of  the  pressure  wire  would  be  to  calculate 
the  temperature  of  the  mzim  conductor  by  measuring  variation 
in  the  resistance,  figuring  from  length,  loss  in  line,  and  known 
resistance  cold. 

High-Tension  Cables. 

With  high-tension  lines  some  of  the  troubles  due  to  the 
metallic  sheath  on  low-tension  cables  are  less  marked.  The 
load  is  usually  more  uniform  and  subject  to  less  violent  fluctua- 
tion, especially  where  sub-stations  with  batteries  are  in  use, 
allowing  protective  devices  to  be  set  so  as  to  operate  more 
promptly. 

Further,  in  the  case  of  a  network  such  cables  are  usually 
protected  against  a  reversal  of  current,  so  that  the  arc  at  the 
fault  is  not  maintained  by  energy  derived  from  the  network 
or  sub-station. 
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The  metal  sheath  on  high-tension  cables  must  be  earthed 
to  prevent  danger  to  life,  and  also  risk  of  pimcturing  the  insu- 
lation by  cumulative  static  charge.  It  is  probably  unnecessary 
to  use  insulating  joints  in  the  sheath  of  high-tension  cables, 
except  in  some  special  case  where  local  conditions  require  them 
to  prevent  an  excessive  amount  of  stray  current  being  carried. 

For  a  number  of  years  the  writer  has  been  advocating  mul- 
tiple-conductor cables  for  arc  circuits  instead  of  several  cables 
in  the  same  duct  in  trunk  lines.  The  running  of  a  lot  of  small 
cables  in  one  duct  is  not  good  practice ;  a  bum-out  on  one  cable 
is  likely  to  injure  others  in  the  duct,  and  the  withdrawal  of  a 
defective  cable  for  repairs  is  apt  mechanically  to  injure  the  other 
cables. 

A  properly  designed  multiple-conductor  cable  costs  less,  is 
easier  to  install,  and  safer  to  operate.  Of  course,  one  conductor 
in  a  duct  is  ideal,  but  barred  by  cost  in  small  sizes. 

Insulation. 
Should  we  use   a   heavy   wall   of  a  cheap   so-called  rubber 
compound  or  a  lighter  wall  of  better  quality?     Examination 
of  engineers*  specifications  shows  some  curious  ideas  prevalent. 
Thick  insulation  has,  among  other  points,  these  against  it: 

1.  Increased  size  of  cable,  involving  increased  cost  of  the 
sheath,  duct  space,  and  handling. 

2.  Thicker  wall  for  heat  generated  in  conductor  to  flow 
through  (partly  balanced  by  increased  radiating  surface)  re- 
sulting in  higher  operating  temperature  in  the  copper  core. 

3.  Most  serious  of  all,  however,  is  the  frequent  acceptance 
of  a  poor  quality  of  compound  having  a  very  short  life. 

The  last  sentence  contains  a  clue  to  the  evil  repute  in  which 
many  engineers  hold  rubber-insulated  conductors.  There  ap- 
pears to  be  some  confusion  in  the  minds  of  engineers  as  to 
certain  basic  facts  concerning  what  is  generally  called  rubber 
insulation.  High-insulation  resistance,  high-puncturing  re- 
sistance, and  durability  do  not  of  necessity  bear  any  relation 
to  one  another.  An  insulating  material  may  have  any  one,  or 
any  two  of  these,  and  be  deficient  as  to  the  remaining  quality 
or  qualities.  High  puncture  resistance  is  the  least  difficult; 
high  insulation  resistance  somewhat  more  difficult;  and  dura- 
bility the  most  difficult  of  attainment.  A  reasonable  amount 
of  good  rubber  in  the  present  state  of  the  art,  as  known  to  the 
writer,  is  necessary  to  insure  durability. 
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The  table  of  puncturing  voltage,  insulation  resistance,  and 
electrostatic  capacity  tests  given  herewith  shows  that  these 
factors  are  not  very  good  guides  as  to  the  durability  of  the 
insulation. 


Relative 

Amount 

of  Rubber. 

Breakdown 

Electromotive 

Force. 

Insulation 
Resistance 
Megohms 
Per  Mile. 

Capacity 

Microfarads 

Per  Mile. 

Relative  Deterioration 
in  one  year  in 
Elastic  Limit. 

1 
2 

3 

17  000  volts 
19  000     " 

18  000     " 

534 
1  185 
1  150 

2. 

1.2 

66% 
30rc 
20*:^. 

The  above  figures  are  based  on  12  tests  of  each  class;  they 
are  quoted,  not  to  show  absolute  values  but  to  make  clear  the 
point  that  the  cheaper  grades  of  insulation  do  not  retain  their 
elasticity.  It  should  be  noted  that  rubber  compounds  change 
quite  rapidly  at  first  and  that  the  rate  of  deterioration  becomes 
less  with  time. 

As  an  appendix  to  this  paper,  there  is  a  set  of  specifications 
adopted  by  the  Rubber-Covered  Wire  Engineers*  Association 
after  more  than  a  year's  work.  These  specifications  are  better 
than  any  heretofore  seen  by  the  writer. 

An  idea  of  the  life  of  a  rubber  cable  leaded  and  operating 
at  11  000  volts,  25  cycles,  is  presented  below  through  the 
kindness  of  Mr.  H.  Alverson,  Superintendent  of  the  Cataract 
Power  &  Conduit  Company,  Buffalo. 


Cable  No. 

2 

Cable  No.  3 

In  service  Nov.  23.  1H97 

21  493  ft. 
10  5.59  " 

21  493  ft. 

.\dded  Jan.  22.  1899 

1899 

10  559  " 

Total  in  service  from  Jan.  22. 

32  052  •• 

32  052  '• 

HrRN-oi'Ts. 

Dec.  28,  IS97,  Cable  No.  2,  20  ft.,  from  end  of  pole  Hne; 
cause,  no  end-bells. 

May  11,  1S9S,  Cable  No.  :^.  same  as  No.  2. 

May  2,  1S99,  Cable  No.  3.  8  931  ft.,  from  end;  cause,  not 
ascertained. 

Oct.  12,  1899,  Cable  No.  3,  14  845  ft.,  end  in  joint. 

1900,  none. 

1901.  none. 
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May  17.  1902,  Cable  No.  2,  14  224  ft.,  from  end  in  cable 
vault;  mechanical  injury. 

1903,  none. 

Sept.  19,  1904.  Cable  No.  2,  14  204  ft.,  from  end;  laborer 
drove  gas  pipe  into  conduit  and  cable. 

1905,  none. 

March  27,  1906,  none  to  date. 

In  May  1900,  Cable  No.  2  was  tested  with  22  000  volts  for 
24  hours. 

Size  of  cable,  3/0;  conductors,  three;  insulation  on  each  con- 
ductor 9/32-in.  thick;  no  over-all  jacket. 

The  most  noticeable  fact  brought  out  is  that  although  most 
of  the  cable  is  more  than  eight  years  old,  there  is  no  indication 
of  any  electrochemical  or  other  electrical  action  weakening  the 
ability  of  the  insulation  to  withstand  the  working  pressure. 

Further,  these  cables  originally  operating  alone  are  now  in 
multiple  with  some  32  miles  of  three-conductor  cables,  and 
therefore  subjected  in  all  probability  to  more  severe  strains 
due  to  surges  than  when  first  installed.  These  are,  I  believe, 
the  oldest  working  rubber-insulated,  11  GOO- volt,  three-phase 
cables  in  use  to-day. 

These  data  on  rubber  insulation  are  important,  if,  as  the 
writer  believes,  cables  for  very  high  tension  will  be  made  with 
combined  insulations  of  varying  capacities,  rather  than  with 
a  homogeneous  insulation  of  any  insulating  material  now  in  use. 

There  is  one  more  point  which  should  be  touched  on,  if  only 
to  repeat  and  emphasize  what  has  already  been  said  by  Mr. 
Fisher*;  that  is,  the  lack  of  judgment  used  by  engineers  in  speci- 
fying the  thickness  of  the  lead  sheath. 

Cables  are,  roughly,  of  two  classes:  those  whose  insulating 
material  is  not  injured  by  submersion  in  reasonably  clean 
water,  and  a  second  class  which  will  not  withstand  such  test. 
For  cables  of  the  first  class  the  metallic  sheath  is  primarily 
for  the  purpose  of  lessening  the  rate  of  deterioration,  and  sec- 
ondarily to  protect  against  mechanical  injury  during  installa- 
tion. The  sheath  on  these  cables  should  be  comparatively 
thin  and  be  proportioned  to  the  weight  of  the  cable.  The 
second  class  of  insulation  will  only  be  serviceable  so  long  as 
the  sheath  is  intact,  and  therefore  the  metal  should  be  heavier 
and  show  less  variation  as  to  its  thickness  with  the  weight  of 
the  cable. 

♦Transactions,  A.  I.  E.  E.,  1905,  Vol.  xxiv.,  pp.  397-414. 
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The  above  does  not  mean  an  endorsement  of  the  specifica- 
tions which  call  for  J-in.  lead  on  No.  6  and  also  on  2  000  000 
cir.  mils,  but  rather  the  suggestion  of  a  minimum  thickness  of 
^-in.  on  paper-  and  jute-insulated  cables,  increasing  gradu- 
ally in  proportion  to  weight  and  diameter  to,  say,  ^f-in. 
on  the  largest  cables  (2  |  in.)  now  in  common  commercial  use. 

In  closing,  I  hope  that  the  Institute  will  take  up  actively 
the  standardization  of  some  of  the  principal  dimensions  of  under- 
ground cables. 

APPENDIX. 

Specifications  30%  Rubber  Insulating  Compound. 

Rubber-Covered  Wire  Engineers*  Association. 

The  compound  shall  contain  not  less  than  30%  by  weight 

of  fine  dry  Para  rubber  which  has  not  previously  been  used 

in  rubber  compounds.     The  composition  of  the  remaining  70% 

shall  be  left  to  the  discretion  of  the  manufacturer. 

Chemical. 
The   vulcanized   rubber  compound   shall   contain   not   more 
than  6%  by  weight  of  acetone  extract.     For  this  determina- 
tion, the  acetone  extraction  shall  be  carried  on  for  five  hours 
in  a  Soxhlet  extractor,  as  improved  by  Dr.  C.  O.  Weber. 

Mechanical. 

The  rubber  insulation  shall  be  homogeneous  in  character, 
shall  be  placed  concentrically  about  the  conductor,  and  shall 
have  a  tensile  strength  of  not  less  than  800  pounds  per  square 
inch. 

A  sample  of  vulcanized  rubber  compound,  not  less  than 
4  inches  in  length,  shall  be  cut  from  the  wire  with  a  sharp 
knife  held  tangent  to  the  copper.  Marks  shall  be  placed  on  the 
sample  2  inches  apart.  The  sample  shall  be  stretched  until 
the  marks  are  6  inches  apart  and  then  immediately  released; 
one  minute  after  such  release,  the  marks  shall  n6t  be  over 
2|-in.  apart.  The  sample  shall  then  be  stretched  until  the 
marks  are  9  inches  apart  before  breaking. 

For  the  purpose  of  these  tests,  care  must  be  used  in  cutting 
to  obtain  a  proper  sample,  and  the  manufacturer  shall  not  be 
responsible  for  results  obtained  from  samples  imperfectly  cut. 

Electrical. 
Each  and  every  length  of  conductor  shall  comply    with  the 
requirements  given  in  the  following  table.     The  tests  shall  be 
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30%  Rubber  Compound.     Megohms  Per  Mile.      60  Deg.  fahr.      One  Minute  Electrilicalion. 
Thickness  of  Insulatinn. 


a/e4 

2/32 

5/)M 

1   3/3*2 

7/64 

4/32 

fi/32 

6/32 

7/32 

1  ODD  OOO  ciT.  mils 

2U0 

210 

23ri 

265 

:ion 

fiOOOOU       " 

235 

250 

2H0 

315 

:!60 

SOOOOO 

270 

290 

325 

370 

420 

700  000       '^ 

\ 

aas 

325 

370 

420 

480 

000000       " 

340 

305 

420 

470 

£40 

fiOOOOO       " 

350 

375 

405 

405 

525 

OOO 

400  000       " 

390 

420 

450 

530 

600 

OTO 

300  000       " 

4:i0 

470 

AOS 

590 

ma 

750 

aw  000 

435 

soo 

540 

630 

720 

»10 

4/0  mimndrd 

440 

4S0 

520  1 

505 

600 

760 

^40 

8/0 

4S0 

400 

535 

5Ha 

675 

770 

%m 

2/0       " 

4U0 

500 

64^ 

:)0O 

690 

790 

880 

I/O     ■■ 

400 

540 

500 

650 

TOO 

h60 

950 

I  solid 

520 

5^0 

035 

700 

830 

950 

1  000 

3     *. 

500 

550 

015 

OKO 

750 

000 

I  040 

1  160 

t     " 

534J 

SH5 

a.'^o 

715 

795 

940 

1  U»0 

1  210 

4    " 

560 

020 

090 

rso 

830 

090 

L  130 

I  200 

ft    " 

r^m 

^h 

720 

790 

K70 

1  040 

1  180 

1  3m» 

ir  " 

020 

tiOU 

7bO 

B40 

930 

\  lUO 

)  230 

1350 

r  *■ 

AID 

710 

KU(J 

880 

y«i5 

1000 

1  240 

J  370 

1490 

•  •* 

d5U 

750 

tl5U 

1M0 

1  050 

1  IIIU 

I  :no 

I  44U 

1  5tMJ 

Id  " 

600 

706 

905 

1  UUO 

]  120 

1200 

L  3»0 

I  5HJ 

L  020 

18    " 

750 

S70 

yoo 

L  110 

1  25U 

1  HTO 

i  540 

1  omi 

1  790 

14     " 

IMK] 

030 

I  IMiO 

L  2Ul» 

L  :UU 

1470 

1  040 

1  7N0 

J  SOU 

30%  Rubber  Compound.     Voltage  Test  for  5  Minutes.       For  30-Minute  Test,   take  >M)%  Of 

These  Figures. 


StElf. 

Thkk 

•ne^"^  of  In^iutaiion. 

3,134  4/tH  5.6416/04 

7/04 

4^32 

s/a2 

6/32 

7  :i2 

8  32  1  9  32 

LO  3:2 

I  ODOOOO 
t<»550  000 

4000 

0000 

10  000 

14  000 

18  0UU 

22  00(1 

20  UOO  LtO  UOO 

500  000 
to  250  000 

4000 

6000 

liOOO 

12000 

16  000 

20  000 

24UOO 

2W000 

32  000 

4/0  to  I 

4000 

0000 

BOOO 

10  000 

14  000 

18  000 

22  000 

20  000 

30  000 

34  OOU 

2to7 

4  000 

0000 

8000 

10  000 

12  000 

:6  00o 

20  000 

24  000 

3H0iKJ 

,32(300 

36  000 

8  to  14 

3000 

5  0OO 

TOOO 

9  000 

11  OOO 

13O0O 

17  000 

21000  25  000 

i 

1906]  CLARK:  UNDERGROUND  CABLES.  2in 

made  at  the  works  of  the  manufacturer  when  the  conductor  is 
covered  with  vulcanized  rubber,  and  before  the  application  of 
other  coverings  than  tape  or  braid. 

Tests  shall  be  made  after  at  least  12  hours'  submersion  in 
water  and  while  still  immersed.  The  voltage  specified  shall 
be  applied  for  5  minutes.  The  insulation  test  shall  follow  the 
voltage  test,  shall  be  made  with  a  battery  of  not  less  than  100 
nor  more  than  500  volts,  and  the  reading  shall  be  taken  aftef 
onQ  minute's  electrification.  Where  tests  for  acceptance  are 
made  by  the  purchaser  on  his  own  premises,  such  tests  shall  be 
made  within  10  days  of  receipt  of  wire  or  cable  by  purchaser. 

Inspection. 
The  purchaser  may  send  to  the  works  of  the  manufacturer, 
a  representative  who  shall  be  afforded  all  necessary  facilities 
to  make  the  above  specified  electrical  and  mechanical  tests, 
and  also  to  assure  himself  that  the  30%  of  rubber  above  speci- 
fied is  actually  put  into  the  compound;  but  he  shall  not  be 
privileged  to  inquire  what  ingredients  are  used  to  make  up  the 
remaining  70%  of  the  compound. 
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Discussion  on  "  Standardizing  Rubber-Covered  Wires  and 
Cables/'  and  ''  Comments  on  Present  Underground 
Cable    Practice,"  at  New  York,  April  27,  1906. 

H.  W.  Fisher:  These  papers  contain  many  items  of  vital 
interest  both  to  manufacturers  and  users  of  high-tension  cables. 
Mr.  Langan  gives  a  clear  and  comprehensive  recital  of  the 
physical,  chemical,  and  electrical  properties  of  rubber  as  ap- 
plied to  conductors,  but  several  of  his  statements  are,  I  think, 
open  to  criticism.     He  says: 

For  if  there  is  any  one  dogmatism  to  which  electrical  practice  seems 
unchangeably  attached,  it  is  that  of  a  firm  belief  in  the  value  of  a  vol- 
tage test  in  determining  dielectric  efficiency.  Yet  nothing  could  be  more 
misleading. 

I  can  not  agree  with  the  last  sentence,  because  there  is  a  great 
difference  in  dielectric  strength  in  cables  that  contain  different 
amounts  of  Para.  A  compound  containing  30  per  cent,  may 
have  one  and  one-half  to  two  times  the  dielectric  strength  of 
compounds  containing  a  small  amount  of  Para  to  which  is 
added  a  large  amount  of  reclaimed  rubber.  On  account  of  this 
fact  a  voltage  test  which  would  not  injure  a  cable  insulated 
with  30  per  cent.  Para  rubber  might  be  sufficient  to  puncture  a 
cable  having  a  cheaper  rubber  compound,  hence  a  voltage 
test  can  be  made  the  means  of  determining  to  a  certain  extent 
the  quality  of  the  rubber  compound.  I  agree  with  Mr.  Langan 
that  other  tests  are  necessary  to  determine  the  true  quality 
of  the  rubber  compound  under  consideration. 

Farther  on  he  says: 

The  concensus  of  opinion,  derived  alike  from  theoretical  and  practical 
experience,  is  that  ruober  is  the  best  of  all  insulating  materials.  But  in 
conjunction  with  other  ingredients,  and  when  allied  with  sulphur,  and 
properiy  vulcanized,  it  becomes  not  only  absolutely  waterproof,  but  in- 
deed under  normal  conditions,  one  might  say,  indestructible. 

It  is  a  fact  that  under  certain  conditions  rubber  is  not  the 
best  insulating  material.  Under  voltage  stress  it  will  not  with- 
stand the  continued  application  of  high  temperatures  so  well 
as  some  other  kinds  oi  insulation  in  use  at  the  present  time. 
What  does  Mr.  Langan  mean  by  normal  conditions,  under 
which  he  says,  "  rubber  is  indestructible  "?  Rubber  certainly 
deteriorates  rapidly  under  normal  atmospheric  conditions  when 
placed  out  of  doors. 

Regarding  rubber-insulated  wires  for  cables,  Mr.  Langan  pro- 
poses a  48-hr.  immersion  in  water-test  before  the  tape  or  braid 
is  applied.  I  think  it  would  be  much  better  to  make  the  test 
after  these  are  applied ;  for  in  the  application  of  the  tape  or  braid 
the  threads  of  the  cotton  are  apt  to  make  indentations  in  the 
rubber,  and  consequently  a  test  made  afterward  would  not 
withstand  so  high  a  voltage. 

Referring  now  to  the  table  giving  the  recommended  voltage 
tests  and  insulation  resistance.  Is  Mr.  Langan  prepared  to 
put  himself  on  record  as  saying  that  he  is  willing  to  manufacture 
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1  000  000  cdr.  mils  cable  with  0.375-in.  insulation,  and  guarantee 
on  every  piece  an  insulation  resistance  of  3  000  megohms  per 
mile  at  60  degrees  fahr.,  the  insulation  resistance  test  being 
made  after  one  minute's  electrification  and  the  cables  tested 
within  a  week  after  vulcanization?  I  mention  the  last  condition 
because  it  is  a  well-loiown  fact  that  the  insulation  resistance  of 
rubber-covered  cables  improves  with  time,  at  least  up  to  a 
certain  point. 

The  voltage  tests  reconunended  by  Mr.  Langan  are  entirely 
too  low.     He  says: 

That  it  is  the  rise  in  temperature  which  accompanies  a  rise  in  poten* 
tial,  that  is  so  destructive  ot  rubber  insulation. 

With  the  proper  kind  of  insulation  and  the  proper  voltage  test, 
this  rise  of  temperature  should  be  very  small.  I  have  made  a 
calculation  which  will  give  an  idea  of  the  heat  generated  by 
the  application  of  20  000  volts  to  a  1  000  000-cir.  mil  cable 
insulated  with  0.375-in.  rubber  compound  containing  30  per 
cent.  Para.  Supposing  the  electrostatic  capacity  of  such  a  cable 
to  be  about  0.53  microfarads  per  mile,  then  the  charging  current 
corresponding  to  20  000  volts  and  60  cycles,  will  be  3.8  amperes. 
The  apparent  energy  would  be  76  000  watts  and,  assuming  a 
power-factor  of  4  per  cent,  the  watts  per  mile  of  cable  would  be 
3  040  or  0.56  watts  per  foot.  The  same  heat  would  be  delivered 
by  230  amperes  flowing  through  a  1  000  000-cir.  luil  cable.  Such 
a  ctirrent  would  have  very  little  tendency  to  heat  the  cable — 
especially  when  it  is  placed  in  water — when  subjected  tu  the 
20  000- volt  test.  I  fully  realize  that  cables  insulated  with  rubber 
compound  of  poor  quality  are  not  suitable  for  very  high  volt- 
ages, because  such  compounds  are  not  so  strong  electrically  and 
are  more  liable  to  become  warm  under  high-voltage  tests. 

A  comparison  between  the  high-voltage  tests  recommended 
by  Messrs.  Langan  and  Clark  shows  that  those  of  the  latter  are 
at  least  one  and  one-half  times  those  of  the  former.  It  is  my 
opinion  that  the  tests  mentioned  by  Mr.  Clark  can  be  applied 
without  in  any  way  injuring  the  rubber  of  a  properly  designed 
cable.  I  do  not  wish  it  to  be  understood  that  I  do  not  advise 
the  use  of  rubber-covered  cables,  because  I  do  for  many  pur- 
poses. The  question  of  cost,  however,  often  precludes  the  use 
of  rubber.  Moreover,  there  are  some  very  prominent  engineers 
in  this  country  who,  because  of  repeated  bum-outs  on  rubber 
cables,  are  rather  averse  to  using  them  for  high  voltages. 

Scarcely  anything  has  been  said  about  saturated  paper- 
insulated  cables  for  high  voltages.  Such  cables  certainly  pre- 
ponderate here,  and  are  giving  excellent  satisfaction. 

In  regard  to  the  use  of  reclaimed  rubber,  Mr.  Clark  brings 
out  in  an  admirable  way  the  fact  that  in  some  cases  this 
rubber  has  to  be  used  to  reduce  the  cost  of  the  cable.  With 
cables  for  low  voltages.  5  000  or  below,  there  is  no  objection 
at  all  to  the  use  of  reclaimed  rubber,  because  such  cables  give 
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perfect  satisfaction.  Mr.  Langan  compares  the  test  of  a  paper 
cable  with  that  of  a  rubber  cable,  the  paper  cable,  of  course, 
being  lead-covered  and  the  rubber  cable  non-leaded  and  tested 
in  water.     He  says: 

For  this  reason  it  is  hardly  an  exaggeration  to  say  that  double  the 
potential  imposed  on  a  paper  cable  is  no  more  exacting  than  half  the 
amotmt  appued  to  a  rubber  cable. 

I  differ  with  him  in  this  respect,  because  when  a  rubber  cable 
is  tested  for  a  high  voltage,  say  30  000  volts,  there  is  little 
difference  between  a  test  in  water  and  a  test  with  a  lead  cover 
over  the  rubber.  The  reason  for  this  may  be  explained  as  fol- 
lows: the  spark-distance  for  30  000  volts  is  over  1.5  in.  in  air, 
and  as  the  specific  inductive  capacity  of  rubber  is  four  or  five 
times  that  of  air,  the  voltage  across  any  air-spaces  on  the  out- 
side of  the  rubber,  caused  by  defects  in  manufacture,  is  sufficient 
to  jump  across  the  air-spaces,  heating  the  rubber  there  and 
subjecting  the  insulation  at  the  weakest  points  to  the  total 
applied  voltage,  just  as  would  be  the  case  were  the  cable  not 
leaded,  placed  in  water,  and  subjected  to  a  test  between  the 
conductor  and  water.  The  voltage  heating  effect  caused  by 
the  discharge  across  air-spaces  mav  be  the  initial  cause  of  sub- 
sequent bum-outs.  With  tests  of  from  500  to  2  000  volts  where 
the  striking  distance  in  air  is  small,  there  may  be  considerable 
difference  between  the  test  of  a  non-leaded  cable  in  water  and 
the  same  cable  provided  with  a  lead  cover.  The  latter  will  with- 
stand the  highest  voltage. 

Mr.  Clark  mentions  the  use  of  a  pressure-wire  for  determining 
the  deterioration  in  the  cable.  This  pressure-wire  is  imbedded 
in  the  strands.  I  am  rather  inclined  to  believe  that  there 
would  be  no  indication;  for  this  reason,  any  moisture  that 
enters  the  cable  would  have  to  go  all  the  way  through  the 
insulation  and  into  the  strand,  and  I  think  that  before  sufficient 
moisture  gets  into  the  pressure-wire  to  indicate  a  low-insulation 
resistance,  the  cable  would  bum  out. 

Will  Mr.  Clark  explain  the  apparent  inconsistency  in  the 
breakdown  voltages  in  the  table?  These  are  17  000,  19  000, 
and  18  000  volts  respectively,  and  as  the  relative  amoimts  of 
rubber  are  in  the  ratio  of  1,2,  and  3,  the  break-down  voltages 
should  be  least  for  the  first  and  greatest  for  the  last,  by  a  con- 
siderably greater  difference  than  is  given.  The  relative  deteriora- 
tion is  very  interesting  and  significant. 

H.  G.  Stott:  The  conJition  of  specifications  for  rubber- 
covered  cables  is  an  extremely  chaotic  one  at  the  present  time. 
Ever\'  engineer  has  his  own  specifications,  and  the  result  is  that  we 
are  almost  entirely  dependent  upon  the  honesty  of  the  manu- 
facturers in  building  these  cables.  In  trying  to  determine 
some  approximate  method  by  which  we  could  make  specifica- 
tions for  rubber-covered  cables,  I  obtained  from  one  of  our 
manufacturers  a  number  of  samples  of  rubber-covered  wire. 
These  wires  were  No.  10,  covered  with  ^^  in.  of  rubber,  having 
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various  percentages  of  Para.  These  tests  were  carried  out 
for  me  by  Mr.  Chellis.  I  would  like  to  show  the  results  of  these 
tests  and  give  some  illustrations. 

The  results  obtained  in  Figs.  1  to  7  are  summarized  in  Fig.  8; 
they  show  conclusively  how  difficult  a  matter  it  is  to  draw  up 
any  specifications  which  will  ensure  any  specified  amount  of 
Para  in  a  rubber  compound. 

It  can  be  seen  how  readily  a  manufacturer  who  wishes  to 
use  reclaimed  rubber  can  provide  a  cable  which  will  show  up 
better  than  a  cable  containing  the  specified  amount  of  Para, 
by  introducing  a  large  amount  of  reclaimed  rubber  and  thereby 
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getting  a  very  cheap  compound.  From  these  tests  it  would 
appear  that  the  variation  of  insulation  resistance  due  to  change 
of  temperature  is  the  best  measure  we  have  at  the  present 
time  of  the  amount  of  Para  in  the  compound.  The  puncture 
test  is  also  helpful,  but  not  absolutely,  because  these  two,  17. ri 
and  25,  change  places;  however,  we  have  the  40,  35,  and  30% 
in  their  proper  places.  The  stretching  test  is  absolutely  unre- 
liable, but  the  variation  of  insulation  with  voltage  test,  which 
is  in  itself  more  or  less  a  puncture  test,  is  apparently  an  indica- 
tion of  the  amount  of  Para. 

Wallace  D.  Clark:     In  the  25.  30,  and  35,  the  other  matter 
was  all  dry  mineral  matter,  and  tlie  same  compound  in  each  case  ? 
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H.  G.  Stott.       Exactly    the   same    compotind  in   each    case. 

John  Langan:  Were  those  cables  chemically  analyzed,  even 
the  17.5,  for  the  acetone  test? 

H.  G.  Stott:  They  were  all  chemically  analyzed,  but  not  with 
the  acetone  test. 

Mr.  Langan:  That  is  the  important  one.  I  should  like  to 
see  the  chemical  analysis  of  the  17.5.  The  chemical  analysis 
is  the  trying  one,  the  acetone  test  particularly.  I  think  you 
will  find  a  very  large  variation  on  a  proper  chemical  analysis, 
in  the  se  of  the  17.5  per  cent,  of  rubber  and  40  per  cent,  of 
shoddy. 

Mr.  Stott:  My  experience  is  that  the  chemical  test  is  value- 
less. 
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Philip  Torchio :  The  problem  of  standardizing  rubber-covered 
cables  and  wires  is  a  difficult  one,  and  I  hesitate  to  make  any 
criticism  that  mi^ht  be  construed  to  be  antagonistic  to  a  move- 
ment of  this  kind,  because,  as  a  matter  of  fact,  the  whole  elec- 
trical industry  is  vitally  interested  in  this  subject.  It  is  still  a 
desideratum  in  the  electric  lighting  and  power  companies  to 
see  developed  and  put  on  the  market  a  cheap  and  reliable 
system  of  house  wiring  which  will  reducQ  the  first  cost  of 
installation  thereby  leading  to  an  increased  demand  in  a  field 
where  first  cost  is  now  an  almost  insurmountable  difficulty  in 
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obtaining  business.  Practically  the  same  conditions  exist  in 
other  electrical  applications,  creating  a  large  class  of  consumers 
all  clamoring  for  cables  and  wires  as  cheap  as  can  be  secured 
consistent  with  reliability  and  safety.  On  a  very  much  smaller 
scale,  however,  there  is  a  demand  for  a  different  class  of  cables 
used  in  connection  with  extra  high  voltage  installations,  for 
which  condition  the  question  of  cost  is  rather  secondary  to  the 
fpremost  and  important  requirements  of  high  dielectric  strength 
of  the  msulating  material  and  durability  and  life  under  varying 
conditions  of  temperature. 

These  requirements  apply  mainly  to  wiring  inside  of  buildings. 
Outside  of  these  requirements  there  is  a  very  large  field  for  use 
of  cables  for  underground  transmission  and  distribution  of  high- 
and  low-tension  current.  For  this  purpose,  paper-insulated 
cables  have  been  used  in  the  majority  of  cases  in  preference  to 
rubber-insulated  cables,  mainly  on  accoimt  of  the  first  cost, 
especially  in  the  case  of  high-tension  systems  where  the  insula- 
tion cuts  a  big  figure  in  the  total  cost  of  the  cable. 

Discussing  the  proposed  specifications  for  rubber-insulated 
wires  and  cables  for  the  two  classes  of  requirements  mentioned 
above;  namely, 

1.  Low- tension  wires  and  cables  for  the  inside  of  buildings 
and  stations. 

2.  High-tension  rubber-insulated  wires  and  cables. 

For  the  first  class  of  cables  the  dielectric  strength  and  insula- 
tion requirements  are  of  secondary  importance  to  durability. 
The  high-tension  cable,  on  the  contrary,  requires  high  dielectric 
strength  and  moderately  high  insulation  resistance,  and  also 
durability,  under  conditions  of  temperature  sometimes  very 
severe.  What  is  desirable  to  obtain  in  a  wire  or  cable  is  mainly 
durability  and  life  in  common  for  all  classes  of  wires  and  cables, 
and  a  moderately  high  insulation  resistance  and  high  dielectric 
strength  for  high-tension  cables. 

The  proposed  specifications  presented  to-night  take  it  for 
granted  that  a  wire  or  cable  insulated  with  30  per  cent,  of  pure 
Para  is  the  best  insulation  that  can  be  used  f6i^  all  rubber- 
insulated  wires  and  cables.  I  am  not  inclinedv  te>doyt)t  the 
effectiveness  of  cables  made  under  these  specifications,  but  I 
know  from  personal  experience  that  for  a  certain  class  of  re- 
quirements cables  built  with  less  than  30  pep^cent^  of  pure 
rubber,  mixed  with  other  ingredients,  will  give  a  product  of  the 
same  durability  and  same  general  satisfaction  as  a  30  per  cent, 
rubber  cable,  and  save  the  purchaser  a  considerable  percentage 
in  first  cost. 

I  will  not  say  that  all  manufacturers  use  less  than  30 
per  cent.  Para  in  their  cables  and  wkes  *but  I  am  oertath  that 
some  of  them  do;  and  as  long  as  they  supply  these  wires  and 
cables  for  the  legitimate  demand  of  purposes  warranting 
engineers  and  contractors  to  make  use  of  them,  I  do  not  see 
why  the  Institute  should  try  to  stop  it.     I  think  that   the 
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Institute  cannot  possibly  compel  a  change  of  this  kind,  because 
the  existing  conditions  are  created  by  a  cause  beyond  the  Insti- 
tute's control — competition.  But  granting  that  it  would  be 
desirable  to  standardize  the  rubber-insulated  cables  by  specify- 
ing 30  per  cent,  pure  Para,  how  could  it  be  accomplished? 

In  brief,  the  papers  recommend  two  tests:  one,  the  ace- 
tone test,  to  determine  the  percentage  of  extractive  matter 
in  the  compound;  the  other  a  mechanical  test  of  elongation  and 
tensile  strength.  One  of  the  papers  recommends  a  limit  of  5 
per  cent,  of  extractive  matter  of  the  toted  compound,  the  other  6 
per  cent.  With  these  percentages  it  is  proposed  absolutely  to 
prohibit  the  use  of  less  than  30  per  cent,  fine  Para  in  the  com- 
pound. I  regret  that  Mr.  Langan  has  not  more  clearly  stated 
the  fact  that  it  is  impossible  at  the  present  time  for  any  chemist 
to  determine  directly  the  amoimt  of  pure  Para  in  a  compoimd. 
He  must  arrive  at  this  amoimt  by  inferences  and  assumptions, 
by  means  of  which  he  tries  to  assume  how  much  of  the  rubber 
found  in  the  compound  is  pure  Para  and  how  much  is  inferior 
rubber.  With  the  5  or  6  per  cent,  extractive  matter  limitation 
of  the  specifications,  ^ny  manufacturer  can  use  almost  anything 
between  30  per  cent,  and  nothing  of  pure  Para  and  still  meet 
the  specifications  as  to  the  5  per  cent,  limitation.  Five  per 
cent,  of  the  total  compound  is  what  is  called  for  in  the  specifica- 
tions. In  a  pure  Para,  that  is  1  per  cent,  of  extractive  matter, 
and  1  per  cent,  of  30  per  cent,  would  be  only  one-third  of  1  per 
cent.  I  should  represent  the  extractive  matter  in  percentage 
of  the  total  amount  of  compound.  Of  course  in  vulcanization 
it  is  true  that  about  3  per  cent,  of  extractive  matter  is  added 
by  the  process  of  vulcanizing,  and  that  would  add  about  1  per 
cent.,  not  5  or  6  per  cent,  of  the  total  per  cent,  of  the  com- 
pound, for  30  per  cent,  pure  Para. 

I  have  not  had  sufficient  personal  experience  to  enable  me 
to  say  much  as  to  the  value  of  the  mechanical  tests.  The 
United  States  navy  has  specified  these  tests  for  the  last  two 
years,  and  as  their  specifications  call  for  40  per  cent,  pure  Para 
I  think  they  are  justified  in  so  doing  for  obtaining  the  satisfactory 
results  which  they  must  secure  under  peculiarly  difficult  condi- 
tions of  transacting  business. 

I  have  no  doubt  that  elongation  and  tensile  strength  tests 
will  give  valuable  information.  I  should,  however,  hesitate  to 
purchase  cables  on  specifications  based  upon  tests  of  this  char- 
acter, as  I  do  not  believe  there  is  sufficient  information  available 
to  arrive  at  definite  conclusions. 

I  would  say  in  connection  with  the  figures  given  by  Mr.  Stott 
that  the  results  of  the  elongation  and  stretch  test  might  have 
been  considerably  affected  by  the  process  of  vulcanization.  In 
making  a  cable  it  makes  a  great  deal  of  difference  how  the 
compound  is  vulcanized:  it  may  be  under- vulcanized  resulting 
in  a  mucillaginous  product  which  has  no  strength;  or  it  may 
be  over- vulcanized  and  will  break  easily. 
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H.  G.  Stott:     How  can  yon  tell  that  ? 

Philip  Torchio:  You  can  get  the  same  results  of  the  table  for 
diflEerent  samples  with  the  same  per  cent,  of  Para  in  the  com- 
pound by  varying  the  temperature  of  vulcanization. 

H.  6.  Stott:     How  can  you  tell  after  it  is  mauufactured  ? 

Philip  Torchio:  I  mean  to  point  out  that  the  discrepancy  you 
show  might  not  be  entirely  due  to  the  condition  of  the  17.5  per 
cent,  of  Para  and  the  42  per  cent,  of  shoddy  reclaimed  rubber. 
It  may  be  due  to  over-vulcanizing  in  one  case  or  another. 

Summing  up  the  criticism  of  these  proposed  specifications, 
I  should  think  that  they  could  be  properly  made  the  foundation 
for  the  work  of  a  special  committee  of  the  Institute,  to  whom 
should  be  given  the  power  to  investigate  and  collect  data  on 
the  subject  and  make  a  report  to  the  Institute  at  some  future 
date.  I  suggest  that  this  committee  communicate  with  the 
English  association  of  cable  makers  to  obtain  their  experience 
along  the  lines  which  led  them  to  manufacture  two  types  of 
rubber-insulated  cables;  one  marked  as  Association  Cables  are 
standardized  as  to  grade  and  other  physical  dimensions,  and 
for  these  only  the  best  rubber  is  used,  the  quantity  to  be  varied 
according  to  the  grade  and  the  necessary  ingredients  added 
according  to  the  experience  of  each  manufacturer;  the  other 
marked  Non- Association  Cables,  and  are  built  with  cheaper 
compotmd,  for  which  cables  there  is  a  legitimate  demand  for 
certain  purposes.  The  Association  cables  are  marked  with  a 
yellow  label  and  the  Non- Association  cables  with  a  green  label, 
attached  to  each  coil  by  a  tape  secured  with  a  lead  seal. 

I  would  add  m  connection  with  the  specifications  in  the  pa- 
pers, that  to  guarantee  the  life  of  the  compound  a  voltage  test 
should  be  specified  where  it  is  possible  for,  say,  double  voltage, 
to  be  applied  after  three  or  four  years*  service.  This  opens  up 
the  great  objection  that  misuse  of  the  cable  may  deteriorate 
the  compound;  but  that  is  one  of  the  many  difficulties  in  the 
whole  proposition. 

A.  E.  Kennelly:  The  papers  before  us  do  not  seem  to  attri- 
bute sufficient  importance  to  breakdown  or  dielectric  strength 
tests.  It  appears  to  me  that  the  construction  and  operation 
of  a  high-tension  cable  resemble  the  construction  and  operation 
of  a  bridge.  There  are  electric  forces  to  be  withstood  in  the 
cable,  depending  upon  the  gradient  of  volts  per  radial  centi- 
meter, just  as  there  are  mechanical  forces  to  be  withstood  in  the 
bridge  structure.  We  have  to  employ  dielectrics  whose  minimum 
strength  by  breakdown  test  is  so  many  kilovolts  per  centimeter, 
and  we  should  seek  to  employ  a  factor  of  safety  of  at  least  three. 
The  greatest  dielectric  stress  accompanies  the  greatest  curvature ; 
that  is,  at  the  inmost  layer,  in  contact  with  the  conductor, 
and  the  stress  rapidly  diminishes  towards  tlie  outside  layers, 
where  it  is  least.  The  practical  question  before  the  purchaser 
of  a  cable  is  how  to  secure  a  total  safe  dielectric  strength  to 
withstand  the  working  voltage  plus  that  amount  of  elevation 
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due  to  incidental  surges  which  cannot  be  entirely  avoided. 
But  the  engineering  questions  behind  this  are  the  dielectric 
st-rength  of  the  material,  the  maximum  working  stress,  and  the 
factor  of  safety,  together  with  the  durability  of  the  insulating 
structure ;  just  as  in  the  case  of  a  railroad  bridge  we  have  to 
rely  upon  the  tensile  strength  of  the  steel  used,  the  maximum 
working  stress,  the  factor  of  safety,  and  the  durability  of  the 
steel. 

Although  30  per  cent.  Para  rubber  cables  have  given  good 
satisfaction,  it  seems  illogical  to  assume  that  specifications 
must  always  be  drawn  to  obtain  this  particular  percentage  of 
that  geographical  type  of  this  substance.  Surely  the  problem 
is  much  broader.  What  we  need  are  plentiful  observations  of 
the  dielectric  strength  of  definite  insulators  of  all  kinds,  at 
different  ages  of  serv'ice,  and  under  different  kinds  of  treatment 
during  service.  It  is  of  course  out  of  the  question  to  stress 
cables  in  satisfactory  ser\^ice  to  the  breaking-point  in  order 
to  satisfy  curiosity  as  to  their  breaking  strength ;  but  let  pieces 
be  ruptured,  from  time  to  time,  to  give  indication  as  to 
the  dielectric  strength  that  a  cable  may  be  expected  to  possess. 

The  very  high  tension  cable  of  the  future  seems  likely  to  be 
a  composite  cable  of  successive  layers  of  different  insulating 
materials,  commencing  with  the  dielectrically  strongest,  and 
terminating  externally  with  the  cheapest  and  dielectrically 
weakest.  But  surely  the  key  to  the  problem  lies  in  dielectric 
strength  as  measured  by  the  breakdown  test.  In  comparison* 
with  dielectric  strength  tests,  mechanical  tests  and  insulation 
resistance  tests  are  merely  subsidiary. 

E.  W.  Stevenson:  On  the  second  page  of  Mr.  Langan*s  paper 
he  makes  a  strong  objection  to  the  rule  laid  down  by  the  N.E.C., 
relative  to  the  dielectric  strength  of  the  3  000  volts  per  ^V  i^-  ■ 
thickness  of  insulation.  This  point  has  been  brought  up  so 
frequently  that  it  has  been  supposed  to  be  generally  under- 
stood. I  made  the  same  mistake  when  the  rule  was  first  issued, 
and  while  I  still  have  some  objections  to  it,  I  don't  think  the 
rule  is  so  far  fetched  as  Mr.  Langan  seems  to  think.  For  in- 
stance, the  pressure  is  only  supposed  to  be  applied  to  one 
foot  of  submerged  wire,  and  I  think  it  would  be  a  very  poor 
wire  that  wouldn't  be  able  to  stand  it.  I  have  found  in  many 
instances  that  lengths  of  500  ft.  of  No.  14  B.  &  S.  copper,  cov- 
ered with  -g^  in.  wall  of  the  most  ordinary  cheap  compound, 
able  to  stand  9  000  volts  and  even  more.  This  statement  is 
not  made  in  favor  of  t!:c  rule,  because  I  think  that  a  better 
rule  than  this  one  could  be  made  to  cover  this  point. 

The  statement  that  the  pressure  test  is  no  criterion  as  to 
what  a  good  insulator  is,  is  rather  startHng.  But  I  really  can 
not  see  why  if  a  cal)le  is  "  doped  "  and  afterwards  taped  and 
braided  or  lead-encased,  this  dope  should  not  last  indefinitely 
and  be  just  as  good  as  the  insulation  itself;  but  I  do  agree  that 
the  pressure  tests  should  be  combined  with  at  least  one  or 
two  other  tests  to  verify  what  the  formw  shows. 
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I  think  all  transmission  engineers  will  agree  with  me  when 
I  say  that  in  extreme  high  tension  transmission  and  heavy  power 
work,  paper  has  almost  entirely  supplanted  rubber.  Both  have 
their  special  advantages,  but  I  think  I  am  quite  sure  in  saying 
that  more  than  75%  of  high-tension  power  distribution  is  now 
and  will  in  future  be  confined  to  paper  insulation. 

Mr.  Langan's  remarks  about  vulcanization  will  give  engineers 
an  idea  of  the  care  that  has  to  be  taken  in  this  particular  process 
to  insure  proper  covering.  In  commenting  on  the  different 
kinds  of  rubber,  I  think  he  places  the  fine  Para  in  rather  too 
exalted  a  position  over  some  of  the  others.  There  are  many 
good  qualities  of  rubber  that  give  excellent  results,  and  these 
rubbers  can  not  be  ignored  by  manufacturers. 

To  my  mind  the  mechanical  tests  are  of  the  greatest  im- 
portance, and  if  purchasers  would  be  careful  to  specify  some 
such  requirements  they  would  be  sure  of  getting  a  good  article. 
I  am  rather  inclined  to  think,  however,  that  the  acetone  extract 
is  excessive,  as  it  is  well  known  that  5%  will  allow  a  consider- 
able proportion  of  inferior  rubber,  and  this  extract  should  not 
be  any  more  than  4,  or  3.5  would  be  better.  Considerable 
care  must  be  taken  in  making  such  a  test,  as  the  Soxholet  ex- 
tractor, the  apparatus  generally  specified,  in  the  hands  of  one 
not  thoroughly  familiar  with  its  operation  is  likely  to  give 
inaccurate  results.  The  temperature  of  operation,  the  time 
and  quality  of  ingredients  used,  must  be  so  carefully  watched 
that  one  must  be  thoroughly  familiar  with  all  these  points  in 
order  to  assure  himself  that  the  results  are  correct.  However,  I 
quite  concur  with  Mr.  Langan  that  the  chemical  analysis  is  not 
always  practicable,  and  that  fairly  good  results  can  be  obtained 
from  the  mechanical  tests.  But  I  am  rather  inclined  to  doubt 
his  somewhat  close  return.  He  speaks  of  a  return  of  to  within 
25%  after  the  sample  has  been  stretched  to  three  times  its  length; 
this  I  think  can  safely  be  modified  to  within  50%,  as  there  are 
many  instances  in  which  perfectly  genuine  30%  Para  will  not 
do  better. 

I  do  not  quite  see  the  logic  of  his  statement  that  if  a  30% 
compound  of  fine  pure  Para  will  be  quite  successful  in  meeting 
all  the  requirements  he  specifies,  why  manufacturers  should  be 
tempted  to  put  in  15%  of  pure  Para  and  30%  of  a  cheaper 
grade,  as  in  the  former  instance  with  pure  Para  at  $1.50  per  pound 
and  others  at  $1.00  per  lb.  the  compound  will  cost  53  cts.  per  lb., 
while  in  the  latter  he  will  get  a  compound  at  5S  cts.  per  lb.,  or  in 
other  words  the  imitation  compound  will  cost  him  12%  more 
per  pound  than  the  genuine  and  I  don't  think  any  manufacturer 
would  be  foolish  enough  to  throw  money  away  in  that  manner, 
except  probably  that  the  latter  compound  would  have  a  greater 
covering  capacity  than  the  former,  but  even  then  I  think  he 
would  lose  at  least  5%.  There  is  also  reason  to  question  the 
statement  about  an  analysis  showing  the  different  percentages 
of  Para  and  other  rubber,  as  I  don  t  think  there  is  a  cheaiist 
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who  could  do  it.     Extractive  matter  varies  with  the  period  of 
vulcanization  and  can  not  show  percentage. 

In  the  table  are  shown  figures  for  specifications  on  high- 
grade  wires.  To  me  these  seem  very  curious.  For  instance, 
in  spite  of  the  statements  about  some  of  these  wires  being 
able  to  stand  fairly  high  pressure,  no  more  than  1  000  volts 
>s  allowed  to  be  put  upon  any  of  the  sizes  on  low  tension. 
Compare  these  figures,  taking  fpr  instance  the  relative  wall  on 
sizes  14  to  8  B.  &  S.;  the  wall  is  ^  in.,  or  in  other  words 
46  mils.  At  present  the  National  Code  people  call  for  1  500  volts 
on  this  size  on  any  compound  that  happens  to  be  on  it,  whereas 
for  high-grade  work  this  table  only  calls  for  1  000.  Now  a 
telegraph  specification,  on  their  office  wire  No.  16,  with  an 
outside  diameter  of  0.125,  or  in  other  words  a  wall  of  37  mils., 
demands  2  000  volts,  and  while  I  do  think  that  this  latter  is 
excessive,  I  must  say  I  think  that  1  000  volts  is  very  low  for 
such  grade  of  compound,  and  there  is  no  reason  at  all  why  the 
National  Code  figures  cannot  be  used,  at  least  on  lower  sizes. 
The  incongruity  of  these  figures  can  be  further  seen  by  re- 
ferring to  the  second  table  of  medium  tension.  The  wall  of 
insulation  on  the  same  size  of  copper  is  ^  in.;  or,  in  other 
words,  twice  the  low  tension,  and  yet  the  pressure  test  is  five 
times  as  much. 

While  admitting  that  a  high  quality  pure  Para  has  a  high 
initial  dielectric  resistance  test,  I  do  not  see  any  reason  for  Mr. 
Langan*s  statements  that  the  high  dielectric  resistance  in  meg- 
ohms per  mile  is  any  positive  proof  that  the  compound  is  of 
first-class  quality.  In  the  course  of  the  last  few  years  I  have 
had  occasion  carefully  to  test  many  samples  of  wires,  and  I 
have  found  that  samples  of  wire  having  a  very  high  dielectric 
resistance  have  not  always  been  either  the  best  pressure  re- 
sisting or  the  best  mechanically. 

On  the  other  hand,  I  know  of  another  wire  which  has  a  dielec- 
tric resistance  test  of  only  400  megohms  per  mile,  a  sample  of 
which,  about  500  ft.,  was  lying  around  for  many  months  in  the 
factory  and  probably  tested  to  11000  and  12  000  volts  one 
hundred  times  during  that  period,  and  withstood  it  to  the  end. 
Mechanically  this  compound  had  a  good  stretch,  but  it  had 
rather  a  slow  return.  However,  it  got  there  in  time  within 
50%  of  its  original  length. 

My  object  is  to  show  that  there  is  no  reason  why  compounds 
showing  a  lower  dielectric  resistance  she  Id  not  be  just  as  good 
for  life  or  pressure  tests  as  are  Mr.  Langan's,  and  I  would  like 
to  suggest  that  a  committee,  chosen  from  those  who  could  com- 
petently investigate  this,  should  be  formed  in  order  to  settle 
this  question. 

For  some  time  I  have  been  trying  to  eliminate  the,  to  me, 
rather  curious  method  of  stating  how  many  megohms  per  mile 
different  sizes  of  wire  should  stand.  In  many  sheets  showing 
such  figures  the  calculations  arc  at  fault.     For  instance,  take 
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the  National  Code  wires  as  they  stand  to-day,  and  their  require- 
ments. The  No.  14,  ^V  "^-  ^^^^^  ^^^  ^^0  megohms  per  mile, 
while  1  000  000  cir  mils  with  an  insulation  of  ^  in.  calls  for 
100  megohms,  or  half  as  much  as  the  No.  14,  whereas  the  sim- 
plest arithmetical  calculation  will  show  that  it  ought  to  be 
one-fifth.  The  rule  for  dielectric  resistance  is  megohms  per 
mile  at  60®  fahr. — coef.  X  Log.  D/d,  D  standing  for  the  outside 
diameter  of  the  insulation,  while  d  is  the  diameter  of  the  copper. 
This  formula  has  been  used  ever  since  the  old  Hooper  days, 
way  back  in  1860,  and  a  very  carefully  worked  out  table  can  be 
found  in  Munro  &  Jamieson's  pocket  book,  also  I  think  in  Clarke 
&  Sabine. 

The  use  of  the  formula  would  simplify  matters  very  much, 
and  while  the  figures  given  show  a  coefficient  of  about  13  000, 
I  think  the  adoption  of  a  figure  somewhere  in  the  neighbor- 
hood of  5  000  to  6  000  would  be  quite  sufficient.  I  suggest 
the  following  formula:  Megohms  per  mile  after  one  minute 
electrification  at  60®  fahr.— Log.  D/dX6  000  or  6  000  (log. 
Z?— log.  d). 

D  =  diameter  of  insulation,  d  =  diameter  of  copper. 
I  quite  concur  with  the  statement  that  excessive  pressure 
test  is  unnecessary  and  dangerous,  but  I  think  Mr.  Wallace 
Clark's  rule,  stated  in  his  article  before  the  National  Electric 
Light  Association,  of  2.5  times  the  working  pressure,  is  quite 
within  safe  limits,  and  this  is  generally  understood  all  over  the 
country.  However,  there  is  no  objection  to  Mr.  Langan's  rule 
of  double  the  working  pressure. 

Townsend  Wolcott:  There  are  different  ways  of  determining 
the  amount  of  rubber  put  in  a  compound.  The  Signal  Corps 
has  found  that  the  best  way  is  to  have  an  inspector  at  the 
works  and  see  the  compound  mixed.  The  determination  of 
the  amount  of  rubber  by  the  acetone  extract  is  a  very  uncertain 
matter,  and  the  chemists  seem  to  be  divided  into  two  classes; 
those  that  say  that  Para  rubber  never  has  more  than  2  per  cent. 
acetone  extract,  and  those  that  find  it  is  more  in  certain  cases. 
I  have  an  analysis  here  made  by  a  chemist  in  whom  I  have  a 
great  deal  of  confidence,  in  which  one  sample  gave  acetone 
extract  of  3.76;  the  lowest  sample  gave  2.03. 

The  rubber,  even  of  the  purest  varieties  known  to  commerce,  is 
not  a  definite  chemical  compound.  The  compound,  CioHw, 
which  is  the  valuable  ingredient,  may  not  constitute  the  whole 
of  what  is  left,  even  after  the  acetone  extract  is  made.  The 
relative  values  of  the  four  samples  analyzed  were  given  by  this 
chemist,  adopting  one  sample  of  rubber  as  an  arl)itrary  stand- 
ard, in  the  same  way  that  Mathcissen  adopted  the  standard  for 
copper.     The  values  vary  from  88.60  to  101.67  per  cent. 

Durand  Woodman:  I  have  been  interested  in  the  subject 
of  rubber  insulation  for  ^\e  or  six  years  and  liave  done  con- 
siderable chemical  work  on  it.  I  am  much  interested  to 
hear  the  results  of  some  of  your  electrical  and  physical  tests, 
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but  am  disappointed  in  the  apparent  unreliability  of  the  "  stretch 
test.  I  have  been  told  lately — and  I  think  some  one  has  said 
the  same  thing  to-night — that  chemical  tests  are  absolutely 
worthless.  I  doubt  very  much  whether  any  one  who  has  had 
great  experience  with  the  chemical  test  would  concur  abso- 
lutely in  that  opinion.  My  own  opinion  is  that  when  a  set  of 
specifications  is  finally  adopted,  it  will  include  electrical  tests, 
physical  tests,  and  some  chemical  tests.  The  subject  needs  a 
good  deal  of  discussion  by  those  who  hold  opposite  views. 

There  is  one  point  that  has  almost  escaped  attention,  and 
that  is  the  percentage  of  extract  obtained  by  treatment  with 
acetone.  The  limits  mentioned,  5  or  6  per  cent,  on  the  total 
compound,  would  mean  when  calculated  on  the  rubber  used, 
if  you  use  30  per  cent.,  from  16  to  20  per  cent,  from  the  rubber. 
It  is  tl^erefore  necessary  to  consider  very  carefully  whether 
you  want  to  adopt  such  a  figure  as  5  or  6  per  cent,  of  acetone 
extract,  as  that  would  certainly  allow  the  use  of  rubbers  that 
are  not  Para.  In  rcjprd  to  the  time  of  the  chemical  analysis, 
that  may  be  considerable  or  it  may  be  little,  depending  on  the 
extent  to  which  it  is  carried.  The  acetone  extract,  if  it  is 
desired,  can  be  done  in  a  very  few  hours;  that  is  to  say,  a  sample 
submitted  one  day  can  be  reported  on  the  next  day,  or  even  in 
less  time,  but  I  do  not  believe  in  hurrying  these  matters  too 
much.  I  should  say  24  hours  would  give  a  reliable  report  as 
to  the  acetone  extract.  A  few  other  points  are  obtainable  by 
the  acetone  extract;  for  instance,  the  amount  of  free  sulphur; 
and  while  manufacturers  are  no  doubt  more  careful  than  they 
used  to  be  in  regard  to  that,  it  is  undoubtedly  a  thing  which 
should  be  controlled  by  the  specifications,  as  free  sulphur  is 
something  that  is  subject  to  constant  cliange  by  oxidation  and 
shortens  the  hfe  of  the  rubber. 

Wm.  McClellan:  The  two  features  of  insulation  in  which  we 
are  always  interested,  are;  first,  its  ability  to  do  the  work  for 
which  it  is  designed,  and,  secondly,  its  durability.  It  is  in  this 
latter  quality  that  all  the  difficulty  comes. 

Experience  shows  that  while  there  may  be  other  substances 
capable  of  providing  an  adequate  and  durable  insulation, 
rubber  is  at  present  the  only  substance  worthy  of  confidence. 
But  as  is  well  known,  rubber  alone  will  not  provide  a  durable 
insulation.  It  must  be  mixed  with  other  material.  Now  the 
proportion  and  quality  of  rubber  and  the  nature  of  the  other 
substances  combined  with  it  determine  the  character  of  the 
insulation. 

The  point  cannot  be  made  too  plain,  that  according  to  the 
use  to  which  the  insulation  is  to  be  put  the  percentage  and 
quality  of  rubber  may  vary  to  advantage  over  comparatively 
wide  limits,  and  the  nature  of  the  other  substances  may  vary  to 
advantage  also.  For  a  large  proportion  of  the  work  that  is  to 
be  done,  30%  pure  Para  is  wholly  unnecessary,  and  much  too 
expensive;  moreover,   there  is  a  large   amount  of  very   good 
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rubber  produced,  not  so  fine  as  Para,  but  of  the  greatest  use 
in  the  art  of  insulation.  Now,  a  specification  to  be  standard 
should  be  put  in  such  a  form  as  to  permit  the  use  of  any  per- 
centage of  any  kind  of  rubber  which  the  intelligent  engineer 
may  desire.  Any  specification  which  calls  for  30%  P^^^  Para 
uniformly,  without  regard  to  the  particular  use  for  which  the 
insulation  is  designed,  is  fundamentally  bad  from  an  economic 
standpoint.  It  would  frequently  compel  us  to  use  a  much  more 
expensive  insulation  than  is  necessary,  and  it  would  deprive 
us  of  using  many  other  rubbers  which  possess  great  merit, 
though  not  so  great  as  fine  Para. 

Unfortunately,  however,  as  has  been  shown  very  clearly  to- 
night, there  is  no  test  which  is  absolutely  reliable  in  showing 
the  percentage  and  quality  of  rubber  in  a  compound;  all  tests 
proposed  are  indicative  only,  and  must  be  used  with  the  greatest 
caution. 

As  has  been  shown,  the  acetone  test  is  positive  in  deter- 
mining the  quality  of  crude  rubber;  this  test,  however,  is  not 
applicable  to  rubber  compounds,  because  very  frequently  the 
insulation  manufacturer  desires  to  introduce  other  substances 
witl.  the  rubber  which  contain  in  themselves  extractive  matter. 
Therefore  the  extractive  matter  in  a  compound  is  absolutely 
no  guide  in  determining  the  amount  of  rubber  in  the  com- 
pound, unless  the  specifications  limit  the  substances  which  may 
be  introduced  into  the  compound;  in  other  words,  it  is  pro- 
posed to  run  the  risk  of  requiring  a  more  costly  and  less  durable 
insulation  in  order  that  the  acetone  test  may  be  applied  to  a 
rubber  compound.  It  seems  unnecessary  to  state  that  such  a 
proposition  approaches  the  whole  matter  of  standard  specifica- 
tions from  the  wrong  direction.  In  the  specifications  proposed 
by  Mr.  Langan  the  imphcation  is  made  that  if  the  extractive 
matter  becomes  more  than  5  or  6%  the  insulation  will  be  bad; 
whereas,  as  a  matter  of  fact,  for  many  purposes  the  extractive 
matter  could  be  considerably  higher  and  a  durable  insulation 
obtained. 

The  object  of  a  specification  is  to  define  just  what  is  wanted 
in  such  a  way  that  all  persons  using  the  specification  can  supply 
the  article  needed,  and  so  that  the  purchaser  can  determine  that 
he  is  getting  just  what  he  called  for.  We  can  have  a  standard 
specification,  but  we  can  not  have  standard  rubber  insulation 
for  all  purposes  any  more  than  we  can  have  a  standard  steel 
for  all  purposes.  The  speaker  does  not  propose  to  write  a  set 
of  specifications,  but  he  desires  to  suggest  a  certain  norm  as  a 
basis  for  rubber  insulation  specifications,  which  seems  to  cover 
the  above  points.     In  brief  these  are: 

1.  Clauses  fixing  copper  conditions. 

2.  Clause  fixing  quality  of  rubber  to  be  used,  by  stating  limits 
of  extractive  matter. 

3.  Clause  fixing  percentage  of  above-mentioned  rubber  to  be 
used,  the  mixing  to  be  done  in  the  presence  of  purchaser's 
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representative.     Only  general  specifications  as  to  other  material. 

4.  Clauses  covering  sheath,  braid,  etc. 

5.  Clauses  covering  mechanical,  electrical,  and  sulphur  tests. 

6.  General  clauses  in  regard  to  tests,  apparatus,  etc. 

7.  Clauses  covering  packing  and  shipping. 

A  specification  based  on  the  above  norm  would  seem  to  have 
merit  because: 

(a)  It  makes  it  possible  to  make  use  of  all  qualities  of  rubber, 
in  varying  percentages,  to  suit  the  use  to  which  the  insulation 
is  to  be  put. 

(b)  It  puts  the  extractive  matter  test  where  it  belongs;  that 
is,  on  the  rubber  itself.  It  puts  no  hardship  on  the  manu- 
facturer, nor  demand  to  know  all  his  business;  but  on  the  other 
hand  allows  him  all  freedom  in  proper  experimentation,  and 
does  not  stifle  progress.  Moreover,  it  puts  a  premium  on  the 
good  name  of  the  manufacturer.  The  principal  value  of  the 
mechanical  and  electrical  tests  under  this  system  is  to  deter- 
mine that  the  application  of  the  compound  to  the  wire  has  been 
properly  made. 

(c)  It  gives  positive  assurance  that  the  purchaser  is  getting 
just  what  he  called  for.  In  a  short  time  at  the  factory  the 
purchaser's  representative  can  see  the  rubber  weighed  out  and 
the  compound  mixed.  This  is  all  he  need  wait  for,  because 
by  taking  with  him  a  sample  of  the  rubber  and  a  sample  of  the 
mixed  compound  he  has  a  positive  check  that  there  is  later  no 
substituting  of  a  poorer  compound  by  the  manufacturer.  The 
acetone  test  is  particularly  valuable  here,  since  there  is  no  way 
for  further  extractive  matter  to  get  into  the  material,  except 
the  slight  increase  at  vulcanization  which  can  easily  be  allowed 
for. 

It  is  of  course  true  that  such  a  specification  is  more  elaborate, 
and  a  little  more  expensive  to  carry  through  than  some  of  the 
others,  but  careful  investigation  will  show  that  this  is  not  so 
to  a  very  great  degree;  moreover,  as  in  any  specification,  the 
purchaser  is  at  any  time  justified  in  waiving  his  rights  to  certain 
tests  if  the  amount  or  quality  of  what  he  is  purchasing  does  not 
warrant  him  in  going  to  the  expense. 

J.  B.  Taylor:  There  is  one  point  in  connection  with  the  in- 
stalling or  testing  of  high-voltage  cables  that  has  not  been 
referred  to,  and  that  is  the  ability  of  a  cable,  with  insulation  of 
rubber  or  other  material,  to  stand  a  temporary  high  potential. 
Cables  have  to  stand  for  24  hours  a  day  a  certain  normal  poten- 
tial strain  and  generally  stand  it  well,  cx' opt  when  trouble 
develops  at  joints  or  other  places  where  it  is  improperly  handled. 
Then  comes  a  surge.  I  think  the  troubles  and  damages  caused 
by  surges  are  over-estimated;  but  tlicre  is  no  doubt  that  any 
system  will  occasionally  have  abnormally  high  potential  for  a 
very  short  period  of  time. 

It  has  been  brou^^ht  out  that  the  element  of  time  is  of  im- 
portance  in   connection  with  high-potential  test  of  cables.     In 
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some  cases  the  time  specified  is  30  seconds,  and  in  other  cases 
half  an  hour,  or  even  an  hour.  We  should  know  if  the  cable 
that  stands  double  potential  for  30  minutes  will  stand  50  000 
or  100  000  volts  for  one- tenth  of  a  second. 

C.  F.  Scott:  It  seems  to  me  that  the  discussion  this  evening 
is  distinctly  from  the  standpoint  of  the  manufacturer;  it  is  a 
discussion  of  the  methods  and  materials  used  in  manufacturing 
cables.  Now  the  cable  is  for  use,  and  as  some  one  has  remarked, 
the  real  essence  of  a  cable  test  should  be  to  determine  its  re- 
liability. For  other  kinds  of  apparatus  we  do  not  necessarily 
specify  the  materials  and  how  they  shall  be  made  and  treated 
in  the  course  of  manufacture;  we  deal  with  the  final  results. 
There  was  a  time  when  consulting  engineer's  specifications  for 
dynamos  went  carefully  into  the  amperes  per  square  inch  and 
tiie  induction,  and  things  of  that  sort.  Now  specifications  for 
machinery  are  b'  3ed  upon  the  final  results,  upon  tests  of  those 
elements  which  go  to  make  up  and  determine  the  performance 
of  the  machine  in  service.  In  high-tension  tests  for  other 
kinds  of  apparatus,  it  is  the  custom  in  general  practice  as  is 
laid  down  by  the  standardization  rules  of  this  Institute,  to 
depend  upon  certain  high-voltage  tests  which  in  general  are 
twice  the  working  voltage.  Can  the  cab^e  accept  the  same  kind 
of  a  specification,  tl^e  same  limits,  or  must  it  have  some  other 
kind  of  a  specification  and  some  otiicr  kind  of  limits?  Must 
a  man  who  wants  a  cable  for  a  given  service  necessarily  specify 
the  ingredients  of  that  cable  and  then  go  to  the  manufacturer 
and  see  that  they  are  actually  put  in  and  stirred  up  and  baked 
properly,  or  is  there  some  way  to  determine  whether  the  cable 
is  going  to  do  the  required  service?  If  the  high-tension  test  is 
to  be  applied,  shall  it  be  the  same  as  for  all  other  apparatus  or 
shall  it  be  something  considerably  less?  That  matter  was  up 
for  discussion  at  a  meeting  of  the  Standardization  Committee 
recently,  and  it  was  seriously  proposed  that  the  test  on  cables 
should  be  considerably  less  than  the  test  on  transfonners.  To 
the  operating  man  that  would  mean  that  the  transformers  are 
more  reliable  than  the  cables,  and  that  some  point  in  the  cable 
would  likely  be  the  point  of  breakdown. 

The  time  element  of  the  test  is  very  pertinent.  One  minute 
has  been  proposed.  A  cable  is  not  likely  to  receive  double 
voltage  for  a  minute;  it  is  much  more  likely  to  receive  a  very 
high  voltage  for  only  a  fraction  of  a  second.  What  is  the  rela- 
tion between  the  strength  of  the  cable  and  different  voltages 
for  different  times?  and  would  it  not  be  fairer  and  better  as 
determining  the  operating  characteristics  of  the  cable  to  make 
a  higher  voltage  test  for  a  shorter  time? 

It  is  obviously  desirable  to  have  means  of  testing  a  cable 
at  the  time  of  its  installation,  and  subsequently,  which  will 
indicate  the  suitability  of  that  cable  for  meeting  the  service 
conditions  to  which  it  will  be  subjected.  It  is  desirable  that 
the  test  should  be  independent  of  the  materials  and  methods 
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employed  in  aianufacture.  It  seems  to  be  well  established 
that  the  same  kind  of  high -pressure  tests  which  are  applied  to 
other  apparatus  are  not  wholly  satisfactory  for  cables.  One 
who  is  not  an  expert  on  the  subject  of  cables,  but  who  takes  a 
general  view  of  the  subject,  must  come  to  the  conclusion, 
judging  from  the  present  papers  and  discussion,  that  the  views 
with  regard  to  the  matter  are  quite  divergent  and  unsettled. 

H.  W.  Fisher:  In  one  of  Mr.  Stott's  diagrams,  he  shows 
that  the  insulation  temperature  coefficient  varies  in  the  order 
of  the  amount  of  Para  rubber.  I  have  made  several  tests 
in  which  this  does  not  occur,  and  therefore  I  -think  that 
this  rule  should  not  be  relied  upon  for  determining  the 
rubber  compound.  He  also  says  that  the  insulation  resistance 
is  affected  by  the  voltage  of  the  battery.  I  know  positively 
that  this  is  not  always  the  case.  I  have  made  tests  where  the 
voltage  varied  from  50  volts  to  300  volts,  in  which  the  insulation 
resistance  was  practically  the  same,  and  I  think  that  some  of 
the  peculiarities  he  noticed  in  these  tests  was  due  to  the  fact 
that  the  wire  was  small  and  had  only  a  small  amount  of  rubber. 
I  think  if  you  will  make  tests  on  000  or  0000  with  ^,  to  /y 
rubber  you  will  get  quite  different  results. 

Philip  Torchio:  In  regard  to  the  effect  of  high-frequency 
voltage  tests  on  cables.  From  tests  made  abroad  it  was  found 
with  a  frequency  of  several  thousand  alternations  that  the 
cable  broke  down  at  about  twice  the  voltage,  than  at  50  cycles. 

President  Wheeler:  I  am  quite  surprised  to  find  that  cable 
specification  is  in  the  unsettled,  and  rather  difficult-to-settle 
condition  that  it  is.  I  think  I  see  an  opportunity  for  the  In- 
stitute to  do  something,  and  I  suggest  to  the  Secretary  that 
at  the  meeting  of  the  Standardization  Committee  to-morrow  he 
call  their  attention  to  this  discussion. 

I  think  a  committee  had  better  get  right  to  work  and  devies 
methods  by  which  the  matter  shall  be  handled.  If  there  is  one 
thing  important  above  all  others  in  engineering,  it  is  standard- 
ization. It  is  hard  to  do  all  the  things  we  want  to  do,  but  let 
us  agree  beforehand  what  those  things  ought  to  be.  I  am  glad 
to  see  the  tremendous  growth  of  the  cable  business  and  to  see 
how  the  preparing  and  laying  of  cables  has  now  become  a  matter 
of  course.  While  I  do  not  intend  to  speak  about  the  cable 
subject,  I  am  not  altogether  unfamiliar  with  it,  because  some 
time  ago  I  was  the  equivalent  of  the  electrician  of  this  city. 
From  1888  to  about  1895,  I  had  the  duty  of  getting  the  overhead 
wires  in  New  York  underground,  as  probably  most  of  you  re- 
member, and  all  the  wires  f^ot  between  the  Commissioner  of 
Public  Works  and  myself,  and  they  came  down.  The  discussion 
this  evening  reminded  me  of  the  fact  that  when  the  companies 
were  asked  to  take  the  wires  down  they  practically  said  they 
could  not  make  cables  that  would  carry  the  electric  current 
underground.  Several  cables  were  put  underground  and  they 
sat  up  nights  watching  them.     Then  more  cables  were  laid,  and 
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for  two  or  three  years  a  long  and  voluminous  series  of  reports, 
with,  megohms  and  all  sorts  of  things  per  mile  in  them,  were  sent 
to  me  and  I  was  supposed  to  read  them  all  and  to  see  that  all 
these  cables  that  had  been  laid  were  kept  up  to  the  mark.  It 
got  to  be  a  mere  routine,  because  the  companies  which  did  the 
work  did  it  beautifully,  and  the  company  which  dug  the  sub- 
ways and  tested  these  cables  saw  that  they  did  not  burn  up 
the  subways,  and  these  reports  became  unnecessary. 

John  Langan:  Many  of  the  speakers  to-night  seem  to  have 
missed  altogether  the  import  of  the  paper  under  discussion. 
The  paper  relates  specifically  to  the  standardizing  of  rubber- 
covered  wires  and  cables.  As  it  is  to-day,  there  is  no  standard. 
Ask  any  engineer  of  prominence  here  in  New  York  to  get  up 
a  set  of  specifications  for  rubber-covered  wires  and  cables  and 
he  is  at  sea  how  to  compel  good  results. 

If  voltage  is  a  certain  criterion,  as  some  of  the  gentlemen 
affect  to  believe,  why  are  they  at  their  wits'  ends  trying  to 
improve  the  character  of  rubber  insulation?  Why  is  the 
Standardization  Committee  trying  to  improve  the  rubber  insu- 
lation if  the  voltage  test  is  a  criterion?  Here  is  a  curious  illus- 
tiration:  send  out  proposals  for  a  thousand  feet  of  No.  14  wire 
code,  and  send  out  afterwards  proposals  for  a  thousand  feet 
of  No.  14  wire  30  per  cent.  Para  rubber,  and  the  difference  in 
price  will  amount  to  50  per  cent.,  notwithstanding  the  fact  that 
the  voltage  tests  in  the  first  place  are  very  exacting.  Why  is 
this?  Because  the  amount  of  rubber,  which  the  tests  in  the 
latter  case  compel,  compels  also  an  increase  in  price.  This 
shows  that  the  commercial  price,  where  the  tests  are  enforced, 
indicates  the  character  of  the  compound. 

Mr.  Stott  has  contributed  a  great  deal  of  interest  to  the  discus- 
sion to-night.  The  curves  and  tabulations  which  he  exhibited  are 
extremely  interesting,  and  as  much  of  a  revelation  to  me  as  to 
any  one  else,  that  he  could,  in  so  short  a  time,  disclose  so  much 
valuable  information.  These  curv^es  prove,  on  the  whole, 
the  statements  I  have  made  of  the  means  by  which  to  standardize 
tests.  The  only  drawback  to  them  is  that  the  17.5  compound, 
with  its  ups  and  downs,  is  as  fluctuating  as  the  stock  market, 
and  is  undoubtedly  off  in  some  particular.  Before  you  can 
determine  anything  about  a  compound,  you  must  submit  it 
to  a  chemical  analysis,  and  know  exactly  what  it  contains. 

It  should  be  borne  in  mind,  however,  that  this  compound 
has  60%  of  imidentificd  rubber  in  it,  and  it  is  perfectly  con- 
ceivable that,  initially  at  least,  this  might  show  a  test  as  high, 
if  not  higher,  than  25%  of  Para.  And  it  was  to  meet  and  offset 
just  such  a  contingency  as  this  that  the  rubber  in  the  specifi- 
cations was  limited  to  32%  of  fine  Para. 

To  supplement  Mr.  Stott's  curves — this  is  the  laboratory 
from  which  I  deducted  the  tests  referred  to  in  the  paper  (Mr. 
Langan  exhibits  a  number  of  specimens  of  pieces  of  rubber- 
covered  cables  and  wires).     These  samples  represent   all   the 
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manufacturers  on  the  American  market ;  they  do  not  apply  to 
any  particular  one,  but  to  all.  Here  is  a  piece  of  wire  contain- 
ing 40  per  cent.  Para  rubber.  You  can  see  it  is  almost  im- 
possible to  break  it.  Here  is  another  containing  25%  of  rubber, 
as  distinguished  from  Para  rubber.  See  the  difference;  it  has 
some  tensile  strength,  but  very  little  It  is  about  a  year  old. 
Here  is  a  piece  of  code  wire  that  a  certain  gentleman  has  eulo- 
gized to-night  which  is,  as  you  can  see,  destitute  of  strength 
and  tenacity.  In  making  these  tests  bear  in  mind  that  I  was 
trying  to  get  at  some  unity,  something  to  start  from,  some  com- 
mon ground  or  specification  on  which  to  standardize  insulation. 
This,  of  course,  does  not  interdict  a  lower  standard;  it  simply 
presupposes  that  an  engineer  wishes  the  best,  and  these  are  the 
means  to  insure  it.  If  he  wants  Code  wire,  that  is  another 
question. 

Mr.  Fisher  asks  me  about  the  I  000  000  cir.  mil  cable,  i|-in. 
in.  wall,  in  which  he  questions  the  possibility  of  3  000  megohms 
per  mile  being  lived  up  to.  Now  I  would  like  to  ask  a  question 
in  return.  Why  did  he  not  question  the  other  insulation  re- 
sistances; that  is,  t!ic  smaller  sizes  of  copper?  The  insulation 
resistance  does,  under  favorable  conditions,  indicate  indubitably 
the  character  of  the  compound.  It  is  impossible  to  go  above 
500  or  600  megohms  with  Code  wire,  whereas  if  you  put  30  per 
cent.  Para  rubber  in  the  compound,  you  will  get  4,  5,  and  even  6 
times  what  the  Code  wire  will  show.  This  proves  two  things; 
first  of  all,  that  chemical  analysis  is  valuable  if  carried  out 
properly;  and  secondly,  that  the  insulation  does  indicate  the 
character  of  the  compound. 

Wallace  S.  Clark:  I  dislike  to  go  back  on  a  fellow-laborer 
in  the  field,  but  there  are  one  or  two  things  in  Mr.  Langan's 
paper  I  do  not  agree  with,  and  in  fact  do  not  think  they  are 
so.  In  the  first  place  in  referring  to  Code  wire  and  the  cheap 
material  on  it,  he  says,  "  It  possesses  no  vitality,  no  dielectric 
strength,  no  capacity  for  work."  A  great  many  buildings  in 
New  York  are  strung  with  that  wire  and  the  wires  are  working 
satisfactorily. 

It  is  altogether  wrong  to  assume  that  rubber  is  the  only 
possible  insulating  material.  It  is  about  the  only  elastic  in- 
sulating material,  to  be  sure,  but  there  are  lots  of  insulating 
mixtures  containing  little  rubber  which  are  perfectly  good  for 
ordinary  low- voltage  service. 

He  says  that  rubber  is  unrivalled  for  all  purposes.  I  agree 
with  Mr.  Fisher  that  the  statement  is  entirely  too  broad,  and 
I  think  experience  will  bear  that  out.  He  also  says  that  the 
percentage  of  resin  and  extractive  matter  in  fine  Para  seldom 
exceeds  1  per  cent.  That  was  true  10  years  ago,  but  it  is  not 
true  to-day  The  quality  of  fine  Para  so  far  as  the  resinous 
matter  is  conv-^crned,  is  deteriorating.  It  averages  now  2  per 
cent,  or  more.  His  voltage  tests  are  entirely  wrong  in  this 
way;  he  does  not  test  the  cable  nearly  high  enough.     On  a 
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3  500  working  pressure  he  proposes  to  test  with  only  5  000 
volts.  A  250  000-cir.  mils  cable  3  500- volt  class  with  ^^-^n. 
insulation  is  to  be  tested  at  5  000  volts.  His  250  000  cir.  mils  low- 
tension  cable  with  u'j-in.  rubber,  which  seems  to  me  the  same  as 
^f-in.,  is  only  to  be  tested  with  1  000  volts.  The  voltage 
test  should  be  a  factor  of  the  size  of  the  cable  and  the  thickness 
of  the  insulation.  Then  the  engineer  can  determine  the  factor 
oi  safety.  If  he  wants  to  use  a  cable  tested  with  four  times, 
Dr  twice  the  working  pressure,  he  can  do  it.  Then  Mr.  Langan 
speaks  of  getting  a  piece  of  insulation  i-in.  wide  and  i^-in.  thick. 
He  might  get  that  from  some  pretty  good  sized  cables,  but  not 
from  a  No.  14  wire. 
Another  thing  is  the  statement: 

It  frequently  happens  that  a  cable  may  pass  an  exacting  puncture  test 
and  be  to  all  appearances  in  first  class  condition,  when  in  reality  the 
insulation  has  been  so  strained  that  it  collapses  at  the  first  physical  or 
potential  strain  imposed  upon  it. 

The  cables  that  were  made  for  the  Niagara  Falls-Buflalo  line, 
and  whose  record  is  in  my  paper,  were  all  tested  for  an  hour 
with  25  000  volts  and  they  had  /2'^^'  ^^  insulation.  He 
recommends  for  such  a  cable  15  000  volts  for  one  minute.  He 
says  that  these  cables  were  overstrained  and  that  they  were 
likely  to  break  down  in  service,  and  would  break  down,  and 
yet  they  have  made  a  very  good  record.  There  are  60  000  ft. 
of  cable  in  operation  which  contradicts  that  assertion.  It  is 
wrong  to  test  a  cable  to  the  breaking  point.  But  if  a  cable 
is  tested  as  low  as  Mr.  Langan  recommends,  there  might  be  an 
indentation  in  the  cable  that  would  reduce  the  insulation  at 
one  point  to  two-thirds  or  even  one-half  normal  thickness, 
without  the  test  he  propoL-.s  discovering  that  fault. 

Exception  has  been  taken  to  the  statement  regarding  the 
difference  in  breakdown  test  on  leaded  cables  and  cables  in 
water.  It  does  not  make  any  difference  whether  rubber  cables 
are  tested  under  water  or  leaded.  I  would  rather  test  a  cable 
under  water,  without  lead,  because  it  would  be  cooler  under 
high  potential. 

Referring  to  Mr.  Fisher's  question,  and  also  to  the  cur\'es 
which  Mr.  Stott  shows,  I  can  endorse  these  curves  as  probably 
entirely  right,  because  I  have  obtained  similar  results  in  many 
cases.  I  think  that  the  compound  in  this  case  was  made  of  a 
certain  percentage  of  rubber  and  dry  mineral  matter,  the  com- 
position of  the  dry  mineral  matter  being  the  same  in  all  cases; 
in  other  words,  they  did  not  make  the  very  best  compound 
they  could  with  the  40,  30,  or  25  per  cent,  of  Para,  but  made  them 
all  on  a  common  basis.  That  is  the  reason  why  the  17.5  per 
cent.,  with  a  lot  of  reclaimed  rubber,  shows  better  than  the 
30  per  cent. 

Referring  to  the  specifications  of  the  Rubber-Covered  Wire 
Engineers'  Association  referred  to  in  my  paper,  they  are  not 
intended  to  cover  all  the  wire  manufactured.     I  want  to  im- 
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press  that  idea  as  much  as  possible.  They  are  simply  intended 
to  cover  the  point  where  an  engineer  wants  an  especially  good 
class  of  rubber  insulation  for  some  special  work,  such  as  a 
central  station  job,  or  something  of  that  kind,  where  the  life 
of  the  cable  is  important  and  the  conditions  more  or  less  severe. 
The  reason  that  the  6  per  cent,  extractive  matter  is  allowed 
is  to  allow  the  making  of  the  best  compound  which  the  manu- 
facturer is  able  to  make  with  the  30  per  cent,  of  Paia.  He  can 
put  in  some  other  matter  beside  minerals.  His  extractive 
matter  from  Para  will  not  run  to  more  than  3%.  The  specifica- 
tions take  care  of  the  fact  that  if  the  individual  manufacturer 
is  not  trusted  by  the  individual  purchaser,  the  individual  pur- 
chaser can  go  to  the  factory  and  satisfy  himself  that  the  30 
per  cent,  of  Para  goes  in.  The  manufacturer  can  make  the  70 
per  cent.,  the  balance,  of  whatever  he  chooses,  to  get  the  best 
results. 

Dugald  C.  Jackson  (by  letter) :  Referring  to  the  results  of  the 
tests  made  by  Mr.  Stott,  tests  which  indicate  that  the  insulation 
resistance  of  rubber-covered  wires  varies  with  the  test  voltage 
I  notice  that  this  fact  is  denied  by  certain  of  the  other  partici- 
pants in  the  discussion. 

Several  years  ago  I  made  obser\^ations  similar  to  those  which 
Mr.  Stott  sets  forth;  namely,  that  certain  rubber-covered  wires 
show  a  decrease  in  insulation  resistance  as  the  testing  voltage 
is  increased.  I  also  found  that  some  rubber-covered  wires  did 
not  produce  this  phenomenon.  At  the  time,  it  was  impossible 
for  me  fully  to  investigate  the  conditions  which  caused  the 
difference  between  the  wires  showing  the  effect  and  those  not 
showing  it,  but  it  appeared  that  the  wires  of  highest  quality 
showed,  as  a  rule,  less  change  in  insulation  resistance  with 
change  of  test-voltage,  while  wires  of  very  poor  quality  showed 
the  most  change  and,  in  some  instances,  a  very  large  change. 
Even  in  the  instances  where  the  change  was  considerable,  the 
same  results  could  be  obtained  day  after  day;  that  is,  my  tests 
were  completely  reproducible.  It  appeared  to  me  at  the  time 
that  this  might  afford  one  way  of  arriving  at  the  purity  and 
value  of  the  rubber  insulating  compound  on  different  wires, 
and  I  discussed  it  with  several  gentlemen,  as  I  then  hoped  to 
find  leisure  to  continue  the  investigation  further.  I  shall  add 
that  all  of  the  manufacturers  of  rubber-covered  wires  with 
whom  I  then  discussed  the  matter  denied  that  such  a  phenom- 
enon exists.  My  tests  convinced  me  of  its  existence,  however, 
as  apparently  Mr.  Stott's  tests  have  likewise  convinced  him. 
Unfortunately,  leisure  did  not  afford  an  opportunity  for  carrying 
on  the  work.  It  seems  to  me  that  this  is  a  matter  worthy  of 
further  investigation. 
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Discussion  at  Minnesota  Branch.  May  4,  1906. 

P.  R.  Cutcheon:  Mr.  Langan  objects  to  the  puncture  test  for 
insulation  on  the  supposition  that  the  insulation  may  stand  up 
well  under  test  and  deteriorate  very  rapidly  thereafter.  In 
cablf*  work  it  is  common  practice  to  specify  that  the  puncture 
test  shall  be  repeated  at  stated  intervals,  usually  covering  a 
period  of  five  years ;  I  believe  that  this  overcomes  the  objection, 
and  with  this  provision  the  puncture  test  is  the  most  reliable. 
Insulation  resistance,  in  my  experience,  has  proved  of  no  value 
as  an  indication  of  the  condition  of  a  cable;  this  is  especially 
true  of  multiple-conductor  cables  for  high  voltage,  since  the 
contact  with  the  lead  is  very  slight  if  it  exists  at  all.  The 
jute  filling  will  serve  to  give  a  high-insulation  test,  but  will 
break  down  when  subjected  to  a  high  voltage. 

In  his  specifications,  Mr.  Langan  omits  any  reference  to  a 
standard  of  flexibility.  Under  this  head  would  be  specified 
the  size  and  number  of  strands,  the  percentage  of  tin  in  the  lead ; 
and  for  paper  or  cambric  cables  the  number  and  thickness  of 
layers  of  insulating  material.  I  have  recently  specified  that  a 
test  piece  of  cable  shall  be  capable  of  bending  on  a  radius  equal 
to  five  times  the  diameter  of  the  cable,  then  bent  in  reverse 
direction,  and  after  being  straightened  shall  be  capable  of  stand- 
ing a  puncture  test  with  double  the  working  voltage. 

The  degree  to  which  a  puncture  test  should  exceed  the  working 
voltage  depends  upon  the  factor  of  safety  allowed  by  the  maker. 
There  is  a  tendency  to  cut  down  the  factor  of  safety  in  the  higher 
potentials  to  avoid  extreme  bulkiness,  hence  it  is  inadvisable 
to  use  double  the  working  voltage  on  such  cables. 

I  see  no  reason  why,  for  purposes  of  comparison,  rubber 
cables  should  not  be  tested  with  the  lead  on,  since  this  is  the 
condition  in  which  they  are  installed,  and  with  which  all  later 
tests  must  be  compared.  When  tested  in  this  way,  a  rubber 
cable  should  stand  the  same  puncture  test  as  a  paper  cable. 

J.  H.  Schumacher:  I  have  looked  up  a  great  many  grounds 
in  conduit  work  on  low-pressure  wiring,  carrying  less  than  500 
volts,  and  have  never  found  the  ground  to  occur  in  the  wire 
insulation.  In  most  cases  the  trouble  occurs  in  an  imperfect 
joint.  In  my  opinion  the  insulation  furnished  under  present 
underwriters'  specifications  is  ample  for  low  voltages,  even 
though  it  probably  contains  no  rubber. 

H.  J.  Gille:  No  consideration  is  given  to  anything  but 
rubber  cables  in  these  papers.  The  St.  Paul  Gas  Light  Co.  has 
had  one  rubber  and  one  paper  cable,  each  about  three  miles 
long,  operating  in  parallel  under  25  000  volts'  pressure.  The 
cables  have  been  in  use  for  five  years  and  little  difference  has 
been  noted  in  their  serviceability. 

John  Pearson:  When  the  rubber  cable  is  in  alone  the  power- 
factor  at  the  power  station,  25  miles  distant,  is  about  1  per 
cent,  higher  than  with  the  paper  cable  alone. 
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E.  H.  Scofield:  The  Twin  City  Rapid  Transit  Co.  has  a 
paper-insulated  cable  10  miles  long  between  Minneapolis  and 
St.  Paul  which  has  operated  for  seven  years  at  12  000  volts 
and  is  still  in  service.     Paper  cable  is  used  exclusively. 
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ENGINEERING  HONOR. 
President's  Address. 


BY  SCHUYLER  SKAATS  WHEELER. 


While  I  have  prepared  in  writing  something  of  an  annual 
address,  as  required  by  the  Constitution,  I  shall  try  to  express 
the  substance  of  my  theme  to  you  directly,  because  I  attach 
some  importance  to  the  emphasis  that  can  be  given  only  in  this 
way.  All  that  I  would  say  has  been  summarized  by  Francis 
Bacon  in  the  preface  to  his  "  Maxims  of  the  Law  "  where  he 
says: 

"I  HOLD  EVERY  MAN  A  DEBTOR  TO  HIS  PROFESSION; 
FROM  THE  WHICH  AS  MEN  OF  COURSE  DO  SEEK  TO  RE- 
CEIVE  CONTENANXE  AND  PROFIT,  SO  OUGHT  THEY  OF 
DUTY  TO  ENDEAVOR  THEMSELVES  BY  WAY  OF  AMENDS 
TO   BE  A   HELP  AND  ORNAMENT  THEREUNTO." 

I  feel  that  I  cannot  make  a  better  use  of  the  opportunity 
afforded  me  by  this  occasion  to  reach  electrical  engineers  and 
the  engineering  profession,  nor  can  I  do  our  profession  a  greater 
service,  than  by  raising  my  small  voice  in  support  of  the  prin- 
ciple so  admirably  stated  by  Lord  Bacon.  I  will  use  my  oppor- 
tunity to  urge  that  engineers  interest  themselves  in  improving 
the  moral  standard  or  the  ethics  of  the  profession  and  in  strength- 
ening their  sense  of  the  obligation  that  binds  all  engineers 
to  a  course  that  is  particularly  honorable. 

We,  as  engineers,  are  accustom.ed  to  hearing  ourselves  re- 
ferred to  as  professional  men.  The  habit  of  calling  us  profes- 
sional, though  not  strictly  accurate,  does  no  harm,  and  by  en- 
couraging us  to  greater  care  and  conscientiousness  ought 
to  benefit.  The  relations  between  the  clergyman,  phy- 
sician, or   lawyer    and    h*s   parishioner   or   client   are   regarded 
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by  law  and  usage  as  especially  sacred  and  inviolable,  and 
the  obligation  imposed  upon  the  professional  man  to  be  faithful 
to  the  interests  of  the  client  or  protege  is  equally  strong. 
It  is  not  in  my  mind  to  dwell  upon  these  relations  or  even  to 
attempt  to  describe  them,  because  they  are  well  known  and 
established  and  the  subject  has  been  treated  by  many  great 
authorities. 

My  wish  is  to  draw  the  attention  of  engineers  and  others 
who  are  engaged  for  the  people  in  handling  the  forces  of  nature 
and  in  interpreting  its  laws,  to  the  propriety  and  necessity  of 
regarding  themselves  as  in  the  same  category  with  the  strictly 
professional  man.  The  attitude  of  the  public  contributes  to 
this  obligation.  The  public  considers  (much  more  than  there  is 
reason  for)  that  the  several  branches  of  engineering  are  special 
subjects  and  not  easily  within  the  comprehension  of  the  lay- 
man, and  therefore  it  places  itself  in  the  hands  of  the  engineer. 
He  is  thus  put  under  the  utmost  moral  and  professional  ob- 
ligation. The  duty  is  as  great  as  that  of  the  physician  to  his 
patient,  although  engineers  as  yet  do  not  generally  recognize 
such  responsibility. 

On  the  other  hand,  the  public  finds  no  such  declaration  of 
high  standards  in  the  engineering  profession  as  in  the  older  pro- 
fessions. It  is  therefore  inclined  to  treat  the  engineer  lightly 
in  ethics,  and  to  withhold  from  him  that  deference  which,  if 
rendered,  would  in  itself  encourage  a  higher  professional  stand- 
ard. 

That  much  thought  has  already  been  given  to  the  subject 
by  engineers,  architects,  etc.,  is  shown  by  the  numerous  dis- 
cussions which  have  taken  place  in  many  of  the  societies.  The 
conclusions  reached  by  many  of  them,  as  expressed  in  the 
several  codes  of  ethics  formally  adopted  for  the  guidance  of 
members,  are  very  interesting  and  helpful.  I  ask  **  leave  to 
print  "  at  the  close  of  these  remarks,  reference  to  these  dis- 
cussions and  codes,  with  acknowledgement  for  the  valuable 
assistance  of  my  friend,  Mr.  Edwin  Rust  Douglas. 

In  a  few  cases,  however,  being  prepared  principally  with  a 
view  to  the  relations  of  the  members  of  the  profession  to  each 
other,  these  cod^-s  are  rather  narrow  and  in  the  style  of  labor 
union  rules.  Tliis  suggests  that  greater  weight  be  given  in 
them  to  the  interests  of  the  client  and  the  interests  of  the 
pubhc. 

The  electrical  branch  of  engineering,  being  the  youngest,  has 
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not  yet  formally  taken  up  the  question  of  ethics,  but  should  do 
so  and  will  have  the  aid  of  the  experience  of  all  other  branches 
of  the  profession. 

The  moral  duties  of  the  engineer  may  be  summarized  as  follows: 

First,  the  duty  to  the  client.  To  see  that  his  interests  are 
protected,  that  he  is  wisely  educated  or  advised  as  to  what  he 
ought  to  have.  That  he  gets  it.  That  information  pertain- 
ing to  him  does  not  reach  others. 

Second,  The  duty  to  the  public.  To  see  that  the  public 
is  not  imposed  upon  by  misinformation.  The  newspapers 
are  ivM  of  descriptions  of  schemes  which  mislead  the  public 
and  of  wildcat  stories  that  are  a  reflection  on  the  engi- 
neering profession.  Engineers  are  frequently  called  upon  to 
discuss  such  schemes  and  to  point  out  their  absurdity;  and 
are  frequently  unable  to  convince  the  layman  that  they  are 
without  merit,  because  the  public  mind  is  not  sufficiently 
educated  in  engineering  matters  and  because  the  professional 
standing  of  engineers  in  the  community  is  not  high  enough. 

Third,  The  duty  to  the  engineering  societies,  which  in- 
volves contributing  to  their  welfare,  both  in  time  for  admin- 
istration and  the  preparation  of  technical  contributions  and  dis- 
cussions, and  in  money.  There  are  three  reasons  for  this  obli- 
gation: first,  the  society  represents  the  art  or  craft  by  which 
the  engineer  supports  himself.  Surely  he  owes  it  some  debt; 
second,  it  is  to  his  advantage  that  the  branch  to  which  he 
belongs  should  attain  a  position  of  strength  and  recognition, 
and  that  it  should  command  respect  for  its  opinions  and  en- 
dorsements; third,  he  should  so  conduct  himself  as  to  stand 
well  in  his  society,  whose  members  are  his  peers,  and  are  there- 
fore the  men  whose  commendation  the  world  will  accept. 

The  Engineer's  Duty  to  His  Client. 
This  is,  of  course,  the  most  important  obligation  to  be  con- 
sidered, and  the  one  to  which  all  others  must  give  way  if  there 
is  any  conflict.  This  is  the  direction  in  which  improvement  in 
the  attainment  of  loftier  ideals,  which  may  be  expected  from 
natural  evolution  as  time  goes  on,  will  be  most  appreciated  by 
the  public,  since  in  this  direction  the  public  is  most  affected.  It  is 
hardly  necessary  to  say  that  the  client  is  entitled  to  the  very  best 
there  is  in  the  engineer  in  thought  and  in  service  or  execution, 
and  I  mention  it  only  to  make  the  statement  complete.  In  draw- 
ing a  comparison  between  our  profession  and  the  older  or  recog- 
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nized  ones  with  a  view  to  selecting  the  lines  along  which  we 
should  try  to  guide  our  evolution  and  improve  our  standards, 
while  I  believe  that  the  essential  principles  involved  arc  the 
same,  and  that  we  should  set  our  aim  at  as  high  and  even  a 
higher  standard,  there  are  some  considerations  which  must 
not  be  neglected  and  which  necessarily  call  for  the  employment 
of  slightly  different  means  in  attaining  the  same  end. 

Many  supposedly  independent  consulting  engineers  have  affili- 
ations with  engineering  or  manufacturing  concerns  interested  in 
the  introduction  and  use  of  a  particular  apparatus.  The 
engineer  usually  recommends  the  same  apparatus,  and  its 
manufacturer  recommends  the  engineer  to  clients.  It  is 
often  held  that  the  best  engineers  are  subject  to  such  affilia- 
tions, because  the  best  are  sought  after  and  the  absence  of 
such  affiliation  is  an  indication  of  lack  of  capacity.  This  is 
not  completely  true,  and  there  are  many  good  men  doing  gen- 
eral work,  though  not  nearly  so  large  a  proportion  as  of  general 
practitioners  in  law  or  in  medicine.  The  circumstance,  how- 
ever, imposes  upon  those  who  are  subject  to  such  relations 
the  obligation  to  be  especially  careful  when  advising  clients  to 
acquaint  the  client  fully  with  the  fact  of  such  relation  and 
to  divest  themselves  at  the  moment  of  any  influence  which 
might  bias  their  judgment.  Their  advice  will  then  have  the 
increased  value  due  to  their  special  knowledge  and  experience. 

Another  fact  which  differentiates  engineering  from  other 
classes  of  professional  work  is  that  study  and  work  for  a  client 
takes  the  shape  of  drawings  and  data,  which  arc  usually  re- 
garded as  the  property  of  the  engineer  and  not  of  the  client. 
Such  records  are  often  voluminous,  and  are  an  exact  statement 
of  the  affairs  of  the  client  as  far  as  they  go.  Obviously,  the 
custody  of  such  matter  involves  important  points  in  the  rela- 
tion of  the  engineer  and  the  client,  and  if  misused  the  conse- 
quences to  the  client  may  be  serious.  Even  when  an  engineer 
is  on  the  simple  basis  of  an  employee,  it  is  som<'times  sug- 
gested that  sketches  and  data,  such  as  may  be  contained  in 
note  books,  arc  his  personal  property.  In  tnis  connection,  the 
fact  that  nearly  the  entire  work  of  the  engineer  is  reduced  to 
and  is  represented  by  drawings  and  figures  as  stated,  gives  the 
subject  great  importance.  Perhaps  here  is  the  greatest  differ- 
ence between  the  engineering  and  the  other  professions.  There 
is  no  parallel  in  the  so-called  learned  professions,  and  the  client 
or  patient,  almost  without  exception,  employs  aid  simply  for 
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experience  and  advice,  and  at  no  time  does  occasion  arise 
for  the  reduction  to  a  minute  record  of  the  preliminary  or  final 
results.  In  this  respect  moral  responsibility  devolves  upon 
the  engineer  in  greater  degree  than  upon  others.  The  point 
may  well  be  illustrated  in  a  more  ordinary  connection  by  con- 
sidering the  possibility  of  a  manufacturer,  founder,  or  artisan, 
furnishing  to  strangers  articles  made  from  designs,  drawings, 
or  patterns,  the  property  of  others  which  happen  to  be  in  his 
possession. 

Professional  relationship  between  the  engineer  and  client  in 
respect  to  its  confidential  nature  and  its  inviolability  is  not 
thought  to  be  like  that  of  the  physician  or  lawyer  to  client 
or  patient,  and  is  not  so  recognized  by  law.  I  believe  the 
courts  should  so  recognize  it,  and  in  any  event  the  engineer 
should  so  regard  it  as  applying  to  himself,  and  if  anything 
should  be  even  more  scrupulous  than  the  physician  or  lawyer.  In 
these  days  most  engineering  is  done  for  corporations,  but  while 
corporations  are  '*  artificial "  persons,  they  are  nevertheless 
created  by  the  state  and  therefore  the  state  has  the  right  to 
dissolve  them,  to  examine  their  books,  to  ask  questions,  etc., 
— rights  which  the  state  does  not  possess  in  the  case  of  individ- 
uals. While  this  difference  between  the  legal  rights  of  corpora- 
tions (which  form  the  bulk  of  the  clients  of  engineers)  and  the 
legal  rights  of  individuals  (who  form  all  of  the  patients  of 
doctors,  all  of  the  charges  of  clergymen,  and  many  of  the  clients 
of  lawyers),  is  not  the  cause  of  the  difference  in  the  legal  status 
of  the  engineer's  confidential  advice  compared  with  the  advice 
of  the  physician  or  lawyer,  it  is  yet  suggestive  of  it  and  throws 
light  upon  it.  Therefore,  engineers  should  be  the  more  careful 
in  regard  to  matters  of  confidence. 

To  the  engineer  whose  work  is  educational  and  whose  clients 
are  therefore  his  students,  is  given  the  opportunity  to  exercise 
at  once  the  most  direct  influence  for  engineering  honor,  by  his 
teaching.  We  may,  therefore,  expect  that  the  profession  will 
receive  its  greatest  help  from  him. 

The  Engineer's  Duty  to  the  Public. 

Is  largely  educational  or  instructive.  If  the  public  believes 
that  engineering  is  a  subject  it  is  not  fitted  by  talent  or  train- 
ing to  deal  with,  whether  it  is  justified  or  not  in  this  belief, 
is  not  the  engineer  under  the  strongest  obligation  to  guide 
it  aright?     When  a  man  trusts  you,  you  are  bound  to  respect 
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the  trust,  or  you  will  lose  your  standing.  We  all  know  that  a 
mass  of  misleading,  foolish,  and  sometimes  deliberately  decep- 
tive information  on  engineering  or  scientific  subjects  is  given 
out,  circulated,  and  published.  All  of  this  by  its  ultimate 
failure  brings  our  occupation  into  disrepute.  Many  engineers, 
when  asked,  reply  correctly,  pointing  out  the  misstatements 
and  errors;  but  how  many  of  us  try  to  be  good  teachers?  How 
many  of  us  take  care  to  see  that  the  real  facts,  the  real  situa- 
tion, the  real  need  or  the  real  possibilities  are  made  plain  to 
the  layman?  Take  an  ordinary  case,  such  as  the  almost  daily 
statement  that  someone  has  invented  a  new  motor  (not  neces- 
sarily electric),  so  powerful  that  trains  can  be  run  a  hundred 
or  two  hundred  miles  an  hour  by  it.  Assume  that  there  are 
ten  thousand  engineers  in  the  United  States.  I  suppose  that  one 
thousand  of  these  say  each  time  the  subject  is  brought  to  their 
attention,  that  it  is  absurd,  that  they  don't  believe  it,  that  it 
has  been  tried  two  or  three  times  but  never  successfully,  etc. 
How  many  of  even  the  thousand  do  you  suppose  take  enough  in- 
terest in  setting  the  public  right,  to  spend  enough  time  to  say 
that  travel  at  any  such  speed  is  entirely  a  question  of  roadbed  and 
right-of-way,  that  it  is  easy  enough  to  make  motors  of  almost 
any  kind  having  power  enough  to  pull  a  car  or  train  at  these 
speeds  but  that  practical  roadbed  conditions  prohibit  it,  and 
that  the  most  perfect  track  ever  built  is  so  irregular  that  the 
train  would  be  liable  to  jump  the  track  at  such  a  speed.  Those 
who  give  true  educational  explanations  in  form  digestible  by 
the  laymen,  do  their  duty  to  the  pubhc,  and  do  it  and  their 
profession  a  service.  It  ought  to  be  clear  to  every  engineer, 
and  it  probably  is,  that  the  more  the  public  is  enabled  to  under- 
stand the  real  facts,  the  more  discriminating  an  audience  it 
will  become  for  the  appreciation  of  really  meritorious  feats  of 
engineering.  At  present  I  fear  that  in  the  public  estimation, 
telegraphing  to  Mars  is  far  ahead  of  getting  the  dry  dock  "Dewey" 
to  Manila.  When  a  man  who  is  in  a  position  to  know,  either  as 
a  result  of  training  and  education,  or  of  Heaven-sent  talents, 
is  asked,  by  one  who  does  not  know,  any  question  about  engi- 
neering, physics,  or  the  laws  of  nature,  and  he  does  not  set 
that  man  right  to  the  best  of  his  ability,  he  is  shirking  his  duty. 
Possibly  he  is  assuming  that  he  has  a  patent  om  some  of  the 
laws  of  nature,  or  a  part  interest.  This  view  would  not  raise 
him  in  any  ones  estimation. 

Another  example  occiu-s  to  me.     I  have  seen  a  man  as  a 
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witness  in  court,  after  qualifying  as  a  patent  expert,  which  means 
that  he  is  officially  clothed  with  authority  as  an  engineer,  and 
that  he  is  there  for  the  information  of  the  court,  spend  hours 
and  even  days  framing  numerous  answers  to  a  single  question, 
his  sole  object  being  to  avoid,  if  possible,  making  a  simple 
statement  of  the  truth.  The  mistake,  of  course,  is  that  the 
man  confuses  his  duties  and  acts  as  an  advocate,  while  the 
public  understands  that  he  is  there  as  an  engineer  to  make 
clear  the  facts.  The  result  is  well-known  and  gives  rise  to  the 
saying,  **  Liars, — liars  and  patent  experts.**  The  example  serves 
my  purpose  well  in  illustrating  by  extremes  what  I  mean  when  I 
say  that  it  is  the  duty  of  an  engineer  to  give  the  public  the  truest 
and  simplest  explanation  of  each  engineering  question  when  it 
comes  up  in  his  community,  taking  care  to  put  it  in  such  form 
as  will  be  understood. 

The  Engineer's  Duty  to  His  Professional  Society. 

The  other  duties  of  the  engineer  I  have  placed  before  his 
duty  to  his  professional  society,  because  this  latter  relates  to 
his  solicitude  for  himself  and  his  fellow  engineers  as  distin- 
guished from  his  solicitude  for  his  client  and  for  the  public. 
The  principle  of  doing  something,  however,  for  **  your  crowd  " 
is  so  well  established  and  recognized  that  it  does  not  need  full 
discussion  here.  I  think  even  some  animals  act  upon  this 
principle.  The  institutions  of  crafts,  societies,  fraternities, 
guilds,  and  the  like,  is  very  old,  and  the  reasons  for  them  are 
sound  and  well  known.  Yet  there  are  those  who  pay  no  atten- 
tion to  the  official  society  representing  the  profession  to  which 
they  belong.     Rare  and  peculiar  birds. 

Unfortunately,  some  societies  are  at  times  not  well  run.  The 
meetings  are  sometimes  monotonous,  owing  to  the  presentation  of 
matter  which  does  not  happen  to  relate  particularly  to  or  interest 
the  members  then  present.  The  groups  of  men  are  not  well  bal- 
anced, some  being  older  men  with  wide  experience,  while  others 
are  the  beginners,  and  sometimes  the  meeting  quarters  are  not 
comfortable.  None  of  these  things  is  an  excuse.  If  the  profession 
is  young  and  poor,  so  are  you.  If  you  have  prospered,  you  are 
a  member  of  an  important  and  successful  profession,  and  then 
if  the  quarters  arc  poor  and  the  society  not  strong,  it  is  your 
fault,  because  you  have  not  contributed  enough  to  make  a 
society  important  in  proportion  to  the  position  you  have  at- 
tained by  work  in  the  sphere  of  activity  which  it  represents. 
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There  are  many  ways  in  which  you  can  support,  encourage, 
and  contribute  to  the  dignity  of  your  professional  society,  and 
you  can  select  those  means  which  are  most  agreeable  to  your 
own  methods.  Even  the  mere  attitude  of  approval  of  the 
society  is  of  great  value.  It  is  well  to  give  your  profession 
and  the  public  to  understand  that  you  believe  in  your  society 
and  follow  its  recommendations  and  standards. 

A  more  commonplace  but  none  the  less  positive  reason  for 
your  obligation  to  contribute  to  the  support  of  your  society, 
is  that  you  are  earning  your  living  out  of  the  art  which  it  rep- 
resents and  which  it  is  trying  to  dignify.  Your  obligation  is 
therefore  definite.  It  is  also  greatly  to  your  interest  that  your 
profession  be  made  as  important  and  its  position  before  the  world 
as  commanding  as  possible ;  and  it  would  not  be  right  were  you 
to  allow  other  professionals  to  bring  about  this  result  without 
your  aid  and  then  for  you  to  reap  any  benefit  from  it. 

In  conclusion,  I  will  mention  what  I  believe  to  be  the  broadest 
and  most  important  function  of  professional  relations, — an 
engineer's  standing  or  the  way  in  which  he  is  regarded  by  his 
contemporaries.  All  the  world  recognizes  that  the  best  judg- 
ment of  a  workman  is  by  other  workmen,  of  a  woman  by  other 
women,  of  a  lawyer  by  other  lawyers;  likewise  the  best  esti- 
mate of  an  engineer  as  a  man  and  engineer  is  by  the  members 
of  his  own  profession. 

APPENDIX. 

Professional  Ethics. 

References. 

MINISTRY. — The    ministry   of   each   denomination    has    its  code  of 
ethics. 
Usually  found  among  the  printed  rules  of  church  government. 

LAW.  *'  I  have  not  l^een  able  to  find  a  formulated  code  for  lawyers, 
but  have  been  told  there  is  a  well  defined  body  of  ethical  rules  which 
every  attorney  must  conform  to  at  the  peril  of  being  disbarred. 

'*  In  this  country  the  series  of  lectures  Ix'fore  the  law  class  of  the 
University  of  Pennsylvania  in  18")4  by  Judge  George  Sharswood  has 
become  standard.  It  is  not  given  as  a  formal  code,  but  is  a  masterly 
treatment  of  the  subject.  No  one  can  read  it  without  a  profound  im- 
pression of  the  dignity,  elevated  standard  of  morality,  devotion  to  the 
cause  of  truth  and  justice  and  the  high  sense  of  courtesy  and  loyalty 
to  the  profession  with  which  the  author  deals  with  his  subject."  [From 
address  of  Mr.  S.  Whinery,  Dec.  15,  1892,  Eftg.  News,  v.  29,  p.  76.] 

*'  It  seems  to  be  a  fact  that  lawyers  have  no  formulated  code.  Their 
rules  of  conduct  are  partly  matters  of  tradition  and  partly  interpreta- 
tion and  construction  by  various  authoritative  bodies,  and  form  a  valu- 
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able  mass  of  professional  ethics,  but  they  have  not  been  codified  and 
adopted  by  the  great  Bar  Associations  in  the  United  States."  [From 
Report  of  Board  of  Direction  of  A.S.C.E.,  May,   1902.] 

Abstract  of  article  by  Everett  V.  Abbott  in  the  Harvard  Law  Review, 
Vol.  15.  p.  714,  1901-2.  Entitled  "  Some  Actual  Problems  of  Pro- 
fessional Ethics." 

**The  books  on  professional  ethics  with  all  deference  be  it  said,  deal 
somewhat  inadequately  with  their  theme.  They  do  not  solve  the  prob- 
lems which,  so  far  at  least  as  my  observation  extends,  most  often  pre- 
sent themselves  for  solution  and  the  problems  which  they  do  discuss 
are  treated  with  hardly  sufficient  care  in  analysis.  The  law  schools 
usually  ignore  the  subject  and  attorneys  actively  engaged  in  their  pro- 
fession follow  such  a  diversity  of  theory  and  practice  that  in  many 
matters  of  considerable  moment  and  frequency  there  can  hardly  be  said 
to  be  even  a  custom.  The  natural  result  of  their  conditions  is  that  there 
is  no  well  defined  professional  standard  to  which  attorneys  can  resort 
in  cases  of  doubt  and  therefore  each  attorney  meets  the  questions  which 
come  to  him — and  they  come  to  all — with  only  such  light  as  an  un- 
trained instinct  can  supply.  The  need  of  a  reasoned  theory  of  a  law- 
yer's duty  illustrated  and  made  vivid  by  actual  experiences,  seems  to 
me,  therefore,  to  be  not  the  least  of  many  needs  of  the  time. 

*'  The  primeval  fact  *  *  *  is  that  *  *  *  the  lawyer  seldom  if  ever 
undertakes  to  bring  about  a  definite  result  ♦  ♦  *  ♦,  but  that  *  *  *  he 
does  undertake  to  devote  his  best  judgment  to  those  matters  which  may 
be  intrusted  to  him  *  *  *  his  undertaking  falls  into  that  large  class  of- 
contracts  which  import  what  is  called  a  fiduciary  obUgation  *  *  * 
Every  fiduciary  *  *  ♦  should  understand  that  wher  ne  allows  his 
judgment  to  become  impaired,  he  is  not  only  committing  a  breach  of 
contract,  but  he  is  committing  a  breach  which  involves  *  *  *  his  per- 
sonal honor  as  a  man  who  may  be  trusted. 

*'  The  principal  temptations  which  he  meets  *  *  *  are  legion  and 
range  from  strong  drink  to  adverse  interests.  *  *  *  What  are  usually 
regarded  as  crimes  of  fraud,  mainly  consist  not  in  deceit,  but  in  the 
breach  of  fiduciary  contracts  through  the  surrender  to  adverse  interests." 

The  author  then  considers  at  length  the  subject  of  rake-offs,  rebates, 
preferential  rates,  etc.,  in  their  bearing  on  professional  ethics,  and  goes 
on  to  say:  "  Out  of  all  these  considerations  wc  may  evolve  a  rule  of 
thumb  ♦  *  *.  //  possible  do  not  receive  any  compensation  in  your  client's 
business,  except  from  your  client  himself',  but  if  circumstattces  compel  you 
to  break  this  rule,  tell  your  client  what  you  receive.'' 

'*  The  significance  of  that  second  clause  perhaps  needs  explanation. 
The  lawyer  is  often  tempted  to  think  that  after  all  it  is  none  of  his  client's 
business  how  much  he  has  received.  When  that  happens,  he  may  be 
sure  of  three  things:  he  may  be  sure,  in  the  first  place,  that  it  is  his  client's 
business;  he  may  be  sure  in  the  second  place,  that  he  is  afraid  to  tell  his 
client;  and  he  may  be  sure  in  the  third  place,  that  he  is  engaged  in  the 
pleasing  but  futile  process  of  self  deception  in  trying  to  suppress  a  con- 
sciousness of  unfaithfulness  which  will  not  be  suppressed." 

MEDICINE.  *•  The  Principles  of  Medical  Ethics  of  the  American 
Medical  Association." 
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Adopted  by  the  Hotise  of  Delegates  of  the  American  Medical  Asso- 
ciation in  May,  1903. 

"  Report  of  committee  at  annual  meeting  of  House  of  Delegates,  the 
governing  body  of  American  Medical  Association,  in  New  Orleans,  the 
week  previous  to  May  17,  1903. 

•• '  To  the  President  and  Members  of  the  House  of  Delegates :  Your 
committee  has  given  extended  and  careful  thought  to  the  proposed  re- 
vision of  the  Code  of  Medical  Ethics  referred  to  it  for  consideration. 
As  you  will  note  on  caption  of  report,  the  word  **  code  '*  has  been  elim- 
inated and  the  expression  **  The  Principles  of  Medical  Ethics  of  the 
American  Medical  Association  "  adopted  as  adequately  descriptive. 

"  *  In  reference  to  this  change  it  is  proper  to  say  that  such  action  on 
its  part  is  based  on  the  idea  that  the  American  Medical  Association  may 
.  be  conceived  to  occupy  some  such  relation  to  the  constituent  State 
associations  as  the  United  States,  through  its  Constitution,  holds  to  the 
several  States.  The  committee,  for  this  reason,  regards  it  as  wiser 
to  formulate  the  principles  of  medical  ethics  without  definite  reference 
to  code  or  penalties,  thus  leaving  the  respective  States,  etc.,  to  form 
such  codes  and  establish  such  penalties  as  they  may  regard  to  be  fitting 
and  proper  for  regulating  the  professional  conduct  of  their  members; 
provided,  of  course,  that  in  so  doing  there  be  no  infringement  of  the 
established  ethical  principles  of  the  association.  The  committee  regards 
as  wise  and  well  intended  to  facilitate  the  business  of  the  parent  organiza- 
tion and  promote  its  harmony  this  course,  which  leaves  to  the  State  Asso- 
ciation large  discretional  powers  concerning  membership  and  other 
admittedly  State  affairs.' 

"  Your  committee  has  retained  to  a  large  extent  the  phraseology  of 
the  existing  code,   while  aiming  at  condensation  of  expression  and   a 
better  understanding  of  some  of  its  statements." 
Signed. 

ABSTRACT  OF  REPORT: 
CHAPTER  1. 
Duties  of  Physicians  to  their  Patients. 

1.  Physicians  must  be  ever  ready,  mindful  of  their  high  character 
and  responsibilitieij.  Never  forget  the  comfort,  health,  and  lives  of 
those  intrusted  to  their  care.  Must  unite  tenderness,  cheerfulness  and 
firmness. 

2.  Must  treat  patients  with  attention  and  humanity.  Must  observe 
secrecy  and  delicacy. 

3.  The  obligation  of  secrecy  extends  beyond  the  period  of  professional 
services.  Private  matters  must  never  be  divulged,  except  when  ab- 
solutely required  by  the  laws  of  the  State. 

4.  Professional  visits  must  be  sufficiently  frequent,  and  regular,  though 
not  too  frequent. 

6.  Must  not  be  for^'ard  to  make  gloomy  prognostications,  but  should 
not  fail  to  give  timely  notice  of  danger,  often  through  another  person 
of  good  judgment. 

0.  Physician  should  be  a  minister  of  hope  and  comfort. 

7.  Must  never  abandon  a  patient  because  deemed  incurable. 

8.  Promote  and  strengthen  the  gooti  resolutions  of  the  patient. 
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CHAPTER  II. 
DuTiBS  OP  Physicians  to  Each  Other  and  to  Profession  at  Larob. 
Article  1. — Duties  for  support  of  professional  character. 

1.  Every  one  entering  the  profession  incurs  obligations  to  uphold  its 
dignity  and  honor.  It  is  incompatible  to  designate  ones  practice  as  based 
on  an  exclusive  dogma  or  sectarian  system. 

2.  Observe  laws  for  government  of  members  of  the  profession.  Honor 
the  fraternity,  promote  the  science  and  art,  and  entertain  due  respect 
for  seniors. 

3.  Each  one  should  identify  himself  with  the  organized  body  in  the 
community  where  he  lives. 

4.  Local  societies  should  affiliate  with  State  and  State  with  National. 

5.  Purity  of  character  and  moral  excellence  are  required. 

6.  Be  temperate  in  all  things,  prepared  for  emergencies. 

7.  It  is  incompatible  to  resort  to  public  advertisements  or  private 
cards  inviting  attention  of  persons  aflPicted  with  particular  diseases;  to 
promise  radical  cures;  publish  cases  in  daily  prints  or  suggest  them  to 
be  made;  to  invite  laymen  to  operations;  to  boast  of  cures;  to  adduce 
certificates  of  skill;  or  to  employ  any  other  methods  of  charlatans. 

8.  It  is  derogatory  to  professional  character  to  hold  patients  for 
instruments  or  medicines;  accept  rebates;  assist  unqualified  persons  to 
evade  legal  restrictions;  to  dispense  or  promote  secret  medicines;  or  to 
give  certificates  attesting  efficacy  of  secret  medicines. 

Article  2. — Professional  services  of  physicians  to  each  other. 
1    Physicians  should  not  undertake  treatment  of  themselves  or  fam- 
ily.    Professional  aid  is  always  gratuitously  offered. 

2.  All  physicians'  families  are  entitled  to  gratuitous  services  of  other 
physicians  near  them. 

3.  When  summoned  from  a  distance  to  attend  a  colleague,  pay  for 
expenses  and  loss  of  business  should  be  offered. 

4.  When  more  than  one  physician  attends  another,  one  takes  charge 
of  the  case. 

5.  It  is  sometimes  necessary*  for  a  physician  to  withdraw  from  pro- 
fessional labor  and  appoint  a  colleague  to  act  for  a  specified  time.  Com- 
pliance is  an  act  of  courtesy.  It  should  be  performed  with  consideration 
for  the  interest  and  character  of  the  family  physician. 

Article  3. — Duties  of  physicians  in  regard  to  consultation. 

1.  Broadest  dictates  of  humanity  should  be  obeyed. 

2.  Consultations  should  be  promoted  in  difficult  cases. 

3.  Utmost  punctuality  should  be  observed. 

4.  The  physician  who  arrives  first  should  wait  a  reasonable  time, 
after  which  the  consultation  is  to  be  postponed. 

5.  No  insincerity,  rivalry,  or  envy  should  be  indulged. 

6.  No  statement  or  discussion  should  be  made  before  the  patient  or 
friends,  except  in  presence  of  all  the  phj'sicians. 

7.  No  decisions  should  restrain  the  attending  physician  from  making 
subsequent  changes  in  treatment  as  required  by  unexpected  changes. 
But  the  reasons  should  be  explained  at  the  next  conference. 

8.  The  attending  physician  may  prescribe  for  the  patient;  not  so 
the  consultant,  except  in  emergency. 
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9.  All  discussions  are  confidential. 

10.  If  two  cannot  agree,  they  should  call  a  third.  The  consultant 
should  not  take  charjje  of  a  case  even  on  request  of  patient  or  friends, 
except  in  the  rarest  of  cases. 

11.  Physicians  in  consultation  should  observe  regard  for  the  character 
of  the  attending  physicians. 

Article  4. — Duties  of  physicians  in  cases  of  interference. 

1.  Physicians  should  found  expectations  of  practice  on  character  and 
extent  of  education. 

2.  Physicians  in  intercourse  with  patient  ol)sorve  caution  and  reserve. 

3.  The  same  should  be  observed  when  visiting  a  person  under  the 
care  of  another  phj'sician.     Such  visits  should  be  avoided. 

4.  Do  not  take  charge  of  a  patient  recently  under  the  care  of  another 
physician  in  the  same  illness,  except  in  an  emergency. 

5.  Do  not  make  damaging  insinuations  about  previous  treatment  by 
another  physician. 

6.  When  called  in  an  urgent  case,  because  family  phN'sician  is  not  at 
hand,  relinquish  case  on  his  arrival. 

7.  In  sudden  cases,  if  several  physicians  art*  summoned,  the  first  to 
arrive  should  take  charge,  but  he  should  recjut'st  call  of  family  physi- 
cian, to  whom  the  case  is  to  be  relinquished  UjKm  his  arrival. 

8.  9,  10.  In  certain  emergency  cases,  the  first  physician  arriving  re- 
ceives the  fee. 

Article  5. — Diflfcrencos  between  physicians. 

1.  Differences  should  Ix?  referred  to  a  sufficient  number  of  impartial 
physicians. 

2.  A  peculiar  reserve  should  Ix^  observed  toward  the  public  in  regard 
to  professional  questions  and  differences,  neither  the  subject  matter 
nor  the  adjudication  of  the  arbitrators  being  made  public. 

Article  0. — Compensation. 

1.  Gratuitous  services  are  rendered  in  some  cases. 

2.  Gives  class  of  services  always  to  l)e  charged  for. 

3.  Local  rules  for  minimum  charges  should  Ix;  adopted. 

4.  Pay  no  commission  and  accept  none  for  recommendations  for 
treatment,  etc. 

CHAPTER  III. 

Duties  of  the  Profession  to  the  Public. 

1.  Be  vigilant  for  welfare  of  community,  as  good  citizens,  ready  to 
give  counsel  to  the  public. 

2.  Enlighten  the  public  regarding  quarantine  regulations,  hospitals, 
asylums,  etc.,  measures  in  contagious  diseases,  etc.,  and  in  pestilence 
face  the  danger. 

3.  Enlighten  inquests  and  courts  when  called  by  the  authorities 
Compensation  is  just. 

4.  Make  known  wrongs  committed  by  charlatans. 

5.  Promote  profession  of  pharmacy. 

The  Medical  Society  of  the  State  of  New  York  voted  to  abandon  its 
code  of  ethics.  It.s  president  states,  **  It  would  mean  more  to  the  char- 
acter of  the  medical  profession  and  would  enhance  the  respect  in  which 
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it  is  held  by  the  general  public,  if  the  specific  rules  of  ethical  conduct 
were  obliterated  from  the  By-Laws  of  the  State  Medical  Society,  and 
if  the  regulation  of  such  matters  were  hereafter  left  to  the  judgment 
of  individual  practitioners  influenced  by  professional  opinion  and  by 
local  custom.'* 

ARCHITECTURE.  Code  of  Ethics  of  the  Boston  Society  of  Archi- 
tecture. 

1.  No  member  should  enter  into  partnership  in  any  form  or  degree 
with  any  builder,  contractor,  or  manufacturer. 

2.  A  member  having  any  ownership  in  any  building  material,  device 
or  invention,  proposed  to  be  used  on  work  for  which  he  is  architect, 
should  inform  his  employer  of  the  fact  of  such  ownership. 

3.  No  member  should  be  a  party  to  a  building  contract,  except  as 
**  owner." 

4.  No  member  should  guarantee  an  estimate  or  contract  by  personal 
bond. 

5.  It  is  unprofessional  to  offer  drawings  or  other  services  **  on  ap- 
proval *'  and  without  adequate  pecuniary  compensation. 

6.  It  is  unprofessional  to  advertise  in  any  other  way  than  by  a  notice 
giving  name,  address,  profession,  and  office  hours,  and  special  branch 
(if  such)  of  practice. 

7.  It  is  unprofessional  to  make  alterations  of  a  building  designed  by 
another  architect,  within  ten  years  of  its  completion,  without  ascertain- 
ing that  the  owner  refuses  to  employ  the  original  designer,  or  in  the  event 
of  the  property  having  changed  hands,  without  due  notice  to  the  said 
designer. 

8.  It  is  unprofessional  to  attempt  to  supplant  an  architect  after  defi- 
nite steps  have  been  taken  toward  his  employment. 

9.  It  is  unprofessional  for  a  member  to  criticise  in  the  public  prints 
the  professional  conduct  or  work  of  another  architect,  except  over  his 
own  name  or  under  the  authority  of  a  professional  journal. 

10.  It  is  unprofessional  to  furnish  designs  in  competition  for  private 
work  or  for  public  work,  unless  for  proper  compensation,  and  unless  a 
competent  professional  adviser  is  employed  to  draw  up  the  **  conditions  " 
and  assist  in  the  award. 

1 1 .  No  member  should  submit  drawings  except  as  an  original  contribu- 
tor in  any  duly  instituted  competition,  or  attempt  to  secure  any  work 
for  which  such  a  competition  remains  undecided. 

12.  The  American  Institute  of  Architects  "  schedule  of  charges  " 
represents  minimum  rates  for  full,  faithful  and  competent  service.  It 
is  the  duty  of  every  architect  to  charge  higher  rates  whenever  the  de- 
mand for  his  services  will  justify  the  increase,  rather  than  accept  work 
which  he  cannot  give  proper  personal  attention  to. 

13.  No  member  should  compete  in  amount  of  commission,  or  offer 
to  work  for  less  than  another,  in  order  to  secure  work. 

14.  It  is  unprofessional  to  enter  into  competition  with  or  to  consult 
with  an  architect  who  has  been  dishonorably  expelled  from  the  Institute 
or  Society. 

15.  The  assumption  of  the  title  of  "  architect  "  should  be  held  to 
mean  that  the  bearer  has  the  professional  knowledge  and  natural  ability 
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needed  for  the  proper  invention,  illtistration,  and  supervision  of  all 
building  operations,  which  he  may  undertake. 

16.  A  member  should  so  conduct  his  practice  as  to  forward  the  cause 
of  professional  education  and  render  all  possible  help  to  juniors,  drafts- 
men, and  students. 

ENGINEERING. 

1871.  August.  R.  P.  Rothwell.  "  Professional  Morality."  Paper  pre- 
sented at  the  Bethlehem  meeting  of  the  American  Institute  of  Mining 
Engineers. 

Not  found  in  Transactions.  Printed  in  an  early  volume  of  the  En- 
gineering and  Mining  Journal. 

1886.     February.     J.  C.  Bayles,  "  Professional  Ethics." 

Presidential  address  American  Institute  Mining  Engineers,  Transac- 
tions, vol.  14,  p.  609. 

Abstracted : 

*****  He  does  not  need  to  be  reminded  that  he  cannot  sell  his 
independence  nor  make  merchandise  of  his  good  name.  But,  as  delicate 
problems  in  casuistry  may  mislead  or  confuse  him,  it  is  to  be  regretted 
that  so  little  effort  has  been  made  to  formulate  a  code  of  professional 
ethics  which  would  help  to  right  decisions  those  who  cannot  reach  them 
unaided.  *  *  * 

**  An  ever  present  stumbling  block  ♦  ♦  ♦  is  *  *  *  *  the  customary 
commission  '  ♦  ♦  ♦  Why  do  manufacturers  pay  commissions?  Is  it 
probable  *  *  *  they  give  something  for  nothing?  Is  it  not  cer- 
tain *  *  *  they  are  seeking  *  *  *  to  warp  his  judgment  and  make 
him  their  agent? 

*'  Gentlemen,  it  is  not  true  that  custom  sanctions  the  acceptance  of 
commissions  by  engineers.  It  is  incompatible  with  a  standard  of 
professional  honor  to  which  every  engineer  should  seek  to  conform.  ♦  *  * 

•'  *  *  ♦  I  characterize  as  unprofessional  the  framing  of  specifications 
calling  for  patented  or  controlled  specialties,  when  to  deceive  the  client, 
bids  are  invited.  *  *  *  There  is  nothing  unprofessional  in  recommending 
a  patented  article  *  *  *  but  he  will  do  it  openly.  *  *  * 

**  In  the  relation  of  engineers  to  contractors  there  is  many  a  pitfall 
*  *  *.  Frequently  the  engineer  has  all  he  can  do  to  hold  the  contractor 
to  a  faithful  performance  *  *  *,  It  often  happens  that  the  engineer, 
defeated  and  discouraged,  gives  up  in  the  unequal  battle.  From  that 
moment  he  is  of  no  further  use  as  an  engineer,  and  if  he  remains  for  an 
hour  in  responsible  charge  of  work  he  cannot  control,  he  rates  his  fee 
as  more  desirable  than  a  reputation  unsullied  *  *  *. 

**  In  making  reports  for  contingent  fees  *  *  *  the  young  engineer 
needs  to  exercise  great  discretion  *  *  *  takes  a  fearful  risk,  however 
honest  he  may  be  *  *  *.  Contingent  fees  are  a  delusion  and  a  snare 
and  in  making  it  a  rule  to  refuse  them,  the  young  engineer  will  be  likely 
to  gain  more  than  he  loses. 

"  Reports  *  *  *  upon  subjects  concerning  which  the  engineer  knows 
himself  unqualified  *  *  *  are  *  *  *  charlatanry. 

"  Of  a  professional  reputation  dependent  upon  the  accuracy  as  well 
as  the  honesty  of  reports  ordered  and  used  for  speculative  purposes,  one 
may  say,  as  a  marine  underwriter  said,  *  *  *    *  he  wouldn't  insure  her 
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against  sinking  between  Castle  Garden  and  Sandy  Hcx>k  with  a  cargo  of 
shavings.' 

"  In  the  matter  of  expert  service  in  the  coxirts  *  *  *  the  conscientious 
engineer  has  no  right  to  appear  as  a  partisan  of  anything  except  *  *  * 
the  truth. 

"  How  far  an  engineer  can  properly  use  for  his  own  advantage  informa- 
tion gained  in  the  discharge  of  duties  of  a  confidential  nature,  is  a  question 
at  once  delicate  and  difficult.  He  cannot  help  knowing  *  *  *  and  his 
knowledge  is  his  capital  *  *  *. 

"  The  manager  who  advises  his  brokers  by  telegraph  and  his  prin- 
cipals by  mail,  cannot  *  *  *  have  *  *  *  delicate  sense  of  right  and 
wrong. 

**  In  professional  criticism  of  professional  work  it  is  easy  to  fall  into 
ways  which  are  wrong  *  *  *.  I  regard  as  unprofessional  every  effort 
to  discredit  honest  and  intelligent  work,  and  every  form  of  disguised 
advertising  *  *  *. 

'*  There  are  certain  broad  ethical  principles  *  *  *.  One  is  that  a 
man  cannot  serve  two  masters  *  *  *.  Another  is,  that  *  ♦  *  if  the 
intent  to  deceive  is  there,  he  Ues. 

**  Professional  ethics  are  no  different  from  the  ethics  of  the  decalogue. 
But  *  *  *  I  do  not  know  that  any  engineer  can  make  for  himself  a 
creditable  and  satisfactory  career,  of  whom  it  cannot  be  said  that  *  *  * 
he  has  held  his  professional  honor  above  suspicion." 

1886.  May.  M.  F.  Durfee,  "  Ethics  of  Engineering."  In  discussion  of 
paper  "  The  Training  of  a  Dynamic  Engineer  '-  Read  before  A.S.M.E. 
Points  considered: 

1.  Duty  of  Assistant  to  Chief. 

2.  Relations  and  Duties  of  Engineers  to  each  other. 

3.  Duty  to  Employer. 

4.  Duty  of  Profession  to  Society  at  large. 

a.  Be  loyal. 

b.  Do  as  you  would  be  done  by. 

c.  Be  honest  and  zealous. 

d.  Secure  confidence  of  public. 

e.  Protect  society  from  pretenders. 
1891-1892.     Austin  Dam  Case. 

In  the  Austin  Dam  Case  a  code  of  engineering  ethics  would  have  been 
of  great  value.  This  relates  to  the  building  of  the  large  storage  dam 
and  reservoir  at  Austin,  Texas.  The  engineer  appointed  on  the  job  was 
continually  over-ridden  by  the  mayor  of  the  city.  His  designs  were 
changed  and  his  work  interfered  with.  Without  consulting  him,  another 
engineer  was  engaged  to  report  on  the  work  and  this  second  engineer 
was  finally  put  in  charge  of  the  work  over  his  head. 

This  seems  to  have  made  quite  a  stir  among  the  civil  engineers  fourteen 
years  ago. 

1892,  November  10.     Engineering  News  Editorial. 

"  In  every  professional  act  the  consulting  engineer  owes  a  duty  to 
three  persons:  1st,  to  himself  and  to  his  own  reputation;  2d,  to  his  client 
or  employer,  to  give  him  the  full  benetit  of  all  the  knowledge  and  judg- 
ment he  has;  3d,  to  his  fellow  engineers,  and  especially  to  any  engineer 
directly  affected  by  his  acts." 
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Editorial  states  that  a  code  of  ethics  is  a  matter  of  slow  growth,  a 
gradual  general  acceptance  of  rules  of  conduct  that  have  been  more  or 
less  traditional  and  that  "  the  only  aim  of  such  a  code  is  to  establish 
equity  and  courtesy  between  the  different  members  of  the  same  profes- 
sion, and  whoever  distinctly  violates  equity  and  courtesy  ir  his  treat- 
ment of  a  fellow  engineer,  violates — if  not  an  already  established  code, 
as  we  believe  he  does — at  least  what  will  be  the  code  when  there  is  one, 
and  what  every  engineer  should  seek  to  establish." 

This  editorial  defines  two  principles  of  a  code  of  ethics  as  follows: 

"1.  It  should  be  considered  unprofessional  and  dishonorable  for  any 
engineer  to  accept  a  call  in  consultation  for  any  work,  which  is  already 
in  charge  of  an  engineer,  except  the  call  come  from  or  through  such  engineer 
in  charge.  Engagements  tendered  from  principals  should  be  considered 
as  accepted  only  when  there  is  no  engineer  already  in  charge  of  the  work. 

"  2.  It  should  be  considered  unprofessional  and  dishonorable  for  any 
engineer  to  report  upon  such  work  which  is  already  in  charge  of  an 
engineer,  except  to  such  engineer  in  charge.  Reports  to  principals  direct 
should  only  be  made  when  there  is  no  engineer  in  charge;  nor  then,  when 
there  has  been  an  engineer  in  charge  whose  professional  acts  are  im- 
peached in  such  report,  without  prior  tender  of  a  copy  of  such  parts  of 
the  report  as  may  personally  concern  him,  for  his  perusal  and  res]X)nse.'* 

1892.     December.     J.  B.  Johnson,  *'  The  Birth  of  a  Profession." 

Presidential  address.  Engineers'  Club,  St.  Louis.     Journal  of  the  Asso- 
ciation of  Engineering  Societies,  Vol.  12,  p.  78. 
Abstract : 

**  In  short,  I  would  say  that  a  vocation  only  becomes  a  profession 
when  an  acceptable  performance  of  its  duties  demands  the  continuous 
exercise  of  scholarly  attainments  *  *  *. 

'*  In  analyzing  the  status  of  the  engineering  profession  in  America, 
therefore,  I  conceive  that  we  may  divide  the  embarrassments  under 
which  we  labor  into  two  classes;  those  conditions  outside  our  ranks  and 
those  inside.     The  most  embarrassing  external  conditions  are: 

*'  1.  The  universal  confusion  on  the  part  of  the  general  public  as  be- 
tween a  surveyor  ***or***a  mechanic  ♦  *  *  or  a  si-r)erin- 
tendent  *  *  *  and  an  *  *  *  engineer. 

**  2.  The  confidence  that  all  our  capitalists  have  in  their  own  judgment 
on  all  kinds  of  engineering  questions  *  *  *. 

"  The  chief  embarrassments  from  within  *  *  *  are  *  *  * 

"  1.  Too  low  an  idea  of  professional  accomplishments  *  *  *. 

**  2.  The  failure  heretofore  to  give  due  weight  to  both  theory  and 
practice  *  *  ♦. 

**  From  this  showing  *  *  *  it  is  evident  that  the  engineering  profes- 
sion in  America  is  in  a  state  of  rapid  development  *  *  *. 

'*  Out  of  this  there  soon  must  grow  a  high  standard  of  professional 
etiquette  and  ethics  *  *  *  and  with  these  will  come  that  recognition 
from  the  community  *  *  *  which   every   man  *  *  *  hopes   to   attain 

1892.    December.    S.  Whinery,  *'  Ethics  of  Civil  Engineering." 
Address  Cincinnati  Engineers'  Club.     Engineering  Ne\vs,  January  26, 
1893. 
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Abstract: 

In  the  earlier  days  of  every  craft  or  profession,  the  feeling  between 
individuals  is  jealotisy  and  rivalry.  In  time  this  gives  way  to  tolerance, 
then  to  meeting  for  protection  of  common  interests  and  so  to  mutual 
respect  and  professional  brotherhood. 

Careful  regard  for  rights  and  privileges  of  others,  and  decision  of 
questions  as  they  arise,  causes  accumulation  of  set  of  rules. 

These   rules  may  properly  be  termed  **  Professional  Ethics." 

Older   professions   have   such  codes,  whether  reduced  to  writing  or  not. 

Engineering  a  new  profession,  recently  cr)rstalized  from  occupa- 
tions and  crafts.  This  short  life  cause  of  absence  of  code.  Time  is  re- 
quired to  develop  the  necessity  for  it,  and  experience  to  determine  what 
rules  should  govern. 

A  correct  code  of  ethics  must  be  founded  on  the  decalogue  and 
along  lines  of  universal  system  of  morals. 

Following  the  code  of  medical  ethics,  it  is  convenient  to  divide  the 
subject  into  heads. 

1.  Duty  of  engineer  to  his  profession. 

2.  Relation  to  his  professional  brethren. 

3.  Duty  to  his  clients  or  employers. 

4.  Duty  to  public. 
6.  Duty  to  himself. 

Quotes  from  code  of  medical  ethics  applying  it  almost  literally. 

1.  Every  engineer  owes  it  as  first  duty  to  be.  to  say  the  least,  above 
suspicion.  Owes  it  to  add  to  professional  store  of  knowledge;  should 
esteem  it  a  duty  to  make  public  new  data  and  experience. 

A  prevalent  feeling  exists  against  **  rushing  into  print."  But  in 
this  matter  a  golden  mean  exists. 

Engineers  should  not  only  conform  to  strict  morality  but  avoid 
minor  offences  against  proprieties,  as  advertising  by  more  than  pro- 
fessional card,  by  boasting,  etc.,  but  may  give  professional  titles  and 
degrees  and  names  of  scientific  societies. 

Should  found  expectations  of  practice  on  qualifications,  not  on 
intrigue  or  artifice. 

In  medical  profession  it  is  considered  unprofessional  to  hold  a  patent. 
Some  prominent  civil  engineers  have  taken  the  same  position.  Perhaps 
engineers  should  contribute  such  inventions  as  relate  to  improvements, 
whose  value  is  confined  to  members  of  the  profession,  but  it  is  not  clear 
why  the  public  at  large  is  entitled  to  free  use. 

Unprofessional  to  accept  commissions,  presents  from  contractors,  etc. 

Should  not  undertake  engagements  they  are  not  competent  to 
fulfil  with  honor. 

Unprofessional  to  speak  disparagingly  of  fellow  engineers,  indulge 
in  rivalries,  express  hasty  opinions,  volunteer  advice  where  not  solicited, 
to  criticise  adversely  in  pubh'c 

2.  Who  are  his  professional  brethren?  No  formal  standards,  as  in 
law  or  medicine,  exist. 

Professional  courtesy  is  claimed  by  every  quack.  Where  shall  the 
line  be  drawn?  Each  must  judge  for  himself.  No  difficulty  in  case  of 
great  majority. 
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When  a  case  of  unmistakable  charlatanry  is  met,  it  should  be  exposed. 

Must  refuse  to  consult  with  quacks,  but  must  discriminate  between 
mere  lack  of  judgment  or  experience  and  the  violation  of  known  prin- 
ciples. 

Want  of  respect  shown  by  the  public  is  due  to  the  same  between 
members;  therefore  duty  is  to  show  highest  respect  and  courtesy. 

Consultations  between  engineers  should  be  subject  to  rules  of  eti- 
quette as  in  the  medical  profession. 

3.  Two  classes  of  engagements — on  salary,  under  direction  of  another 
engineer, — on  fees  reporting  to  officers  of  corporations. 

Duty  is  to  devote  himself  to  interest  of  clients.  Personal  affairs  must 
not  stand  in  the  way.  Only  exception  is  when  demands  or  interests 
of  client  conflict  with  sense  of  right  and  wrong.  Even  this  is  not  allowed 
in  law;  but  it  is  impossible  to  take  that  stand  in  engineering.  Must  give 
the  truth,  the  whole  truth,  and  nothing  but  the  truth  in  reports  on  prop- 
erty, etc. 

After  a  professional  engagement  may  an  engineer  accept  another 
engagement  that  may  be  inimical  to  former  client?  No  principle  in  law 
is  more  firmly  established  than  that  a  lawyer  may  accept  cases  where 
he  may  oppose  former  client,  but  must  ftot  fnake  use  of  confidential  in- 
formation  obtained  in  former  connections. 

To  what  extent  do  facts  and  results  acquired  belong  to  client,  and 
to  what  to  engineer? 

All  original  notes,  maps,  plans,  etc.,  and  final  result  and  report  belong 
to  client  who  pays  for  the  work,  but  engineer  may  retain  copies  as  pjart 
of  his  stock  of  knowledge;  but  it  is  not  honorable  to  use  such  facts  to 
oppose  business  of  former  client. 

No  understanding  as  to  proper  minimum  fees.  Doctors  and  architects 
have  one.  Need  for  concerted  action.  Should  be  agreement  in  any 
locality. 

Should  not  openly  solicit  preference  and  bid  against  each  other.  Hu- 
miliating in  extreme. 

In  no  other  profession  are  members  so  inadequately  paid;  due  to 
competing  and  bidding  against  each  other.  Special  knowledge  should 
commend  special  compensation. 

Assistants  should  be  loyal  and  faithful,  carry  out  instructions  and 
report  on  progress  to  chief,  and  treat  information  as  confidential.  Avoid 
adverse  criticism  of  superiors  to  outsiders. 

4.  Owes  to  public  best  services  as  a  citizen.  Quote  Code  of  Medical 
Ethics. 

5.  Owes  it  to  himself  to  make  best  of  abilities  and  opportunities,  to 
defend  professional  character  and  rights. 

Should  not  be  a  tool  of  unscrupulous  men  nor  be  saddled  with  their 
blunders  or  misdeeds. 

Should  not  neglect  personal  business  interests.  Seek  honest  com- 
petency. 

No  adequate  foundation  for  delicacy  about  taking  advantage  of  busi- 
ness opportunities  met.  May  engage  in  any  honorable  enterprise,  that 
does  not  interfere  with  interests  of  employer,  will  not  influence  professional 
action  in  reference  to  employer  or  occupy  employer's  time. 
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Should  be  more  than  an  engineer,  needs  every  kind  of  knowledge  and 
culture  that  can  be  obtained. 

1893.  March.  Boston  Society  of  Civil  Engineers.  "  The  Relation  of 
the  Engineer  to  those  with  whom  he  comes  in  professional  contact." 

Journal  of  the  Association  of  Engineering  Societies,  vol.  12,  p.  437. 

Several  short  papers  on  the  following  subjects: 

"  The  Relation  of  the  Engineer  to  his  Brother  Engineer."  Compares 
medical  code.  Mentions  strife  to  secure  work,  jealousy  of  others'  success. 
Ungentlemanly  treatment  of  subordinates. 

"  The  Relation  of  the  Engineer  to  the  Public."  Considers  necessity 
of  high  public  standing. 

"  Relation  of  the  Engineer  to  the  Public  and  to  the  Press."  Engineer 
should  be  a  leader  of  public  opinion. 

"Engineer  in  Relation  to  his  Clients."  Claims  position  of  engineer 
is  not  what  it  ought  to  be.  Engineering  Societies  should  take  action 
regarding  public  matters. 

**  Relation  of  Engineer  to  his  Assistants  or  Subordinates."  Help- 
fulness to  assistants  and  subordinates.  Personal  interest.  Bring  them 
in  closer  contact  with  mind  of  chief.     Give  full  credit  for  work. 

"  Engineer  as  an  Expert  Witness."  Profession  often  brought  in  dis- 
repute by  two  engineers  controverting  each  other's  testimony.  Engi- 
neer should  not  sell  his  reputation  for  a  fee. 

"  Influence  of  his  Profession  upon  the  Social  Relations  of  the  Engi- 
neer."    Engineer  must  be  honest,  helpful,  etc. 

1893.     June. 

A  resolution  was  presented  to  the  A.S.C.E.  for  the  appointment  of  a 
committee,  "  to  collect  information  and  to  consider  the  propriety  of 
the  adoption  by  the  Society  of  a  code  of  ethics  for  the  profession  and  to 
make  such  other  recommendation  as  the  committee  thinks  proper." 

1895.  October.  J.  Vander  Hout,  '*  Field -notes  of  a  Civil  Engineer. 
Do  they  belong  to  his  client  or  to  himself?  " 

Address  Engineers'  Society  Western  New  York.  Journal  Association 
Engineering  Societies,  vol.  23,  p.  32. 

Abstract : 

Divides  into  classes. 

1.  Engineer  paid  for  all  he  does. 

2.  Engineer  paid  only  for  result  of  work. 
First-class. 

1-a     Engineer  receives  a  salary. 

1-b     Engineer  has  a  general  practice  and  charges  for  his  time. 

In  either  1-a  or  1-b,  decided  that  all  his  work,  notes,  and  results  of 
his  work  belong  to  employer  or  client,  and  engineer  has  no  legal  right 
to  make  copies  for  his  own  use  without  permission.  Custom,  however, 
permits  him  to  make  copies,  but  he  should  not  later  use  either  these 
copies,  or  any  knowledge  gained,  to  detriment  of  former  client. 

In  second  class,  where  an  engineer  is  doing  piece  work,  original  notes 
certainly  belong  to  engineer,  but  his  work  cannot  be  considered  com- 
plete unless,  from  the  report  he  makes,  another  engineer  could  duplicate 
his  results  or  relocate  his  work.  Unless  his  report  is  detailed,  copies  of  all 
notes,  etc.,  should  therefore  be  delivered  to  client. 
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1806.  January.  J.  S.  Keerl,  "  The  Standing  of  Engineering  aino 
the  Professions." 

Address  Montana  Society  of  Civil  Engineers.     Journal  of  the  Associ 
tion  of  Engineering  Societies,  vol.  16,  p.  71. 
Abstract: 

"  There  is  another  calling,  a  profession  not  nearly  so  old,  in  fact  ; 
infant  in  view  of  the  antiquity  which  surrounds  the  history  of  the 
above  mentioned  (law  and  medicine)  ♦  ♦  ♦  a  profession  which  mai 
savants  have  pronounced  the  only  one  which  does  not  live  by  the  co 
tcntions,  miseries  and  distresses  of  humanity  *  *  ♦  the  engineerii 
profession  *  *  ♦. 

"  While,  as  engineers,  we  have  no  fear  of  the  results  from  a  comparis< 
of  our  achievements  with  those  of  other  professions,  yet,  as  one  w] 
has  served  something  like  twenty  years  in  the  varied  branches  of  enj 
neering,  I  would  ask  whether  we  have  secured  from  the  public  that  fi 
recognition  and  emolument,  which  the  importance  of  our  professi< 
would  seem  to  justly  demand  ♦  *  ♦. 

**  From  my  standpoint,  I  fail  to  see  any  reason  why  the  engineers 
our  day  ♦  ♦  ♦  should  not  be  fully  recognized  in  public  affairs,  ai 
especially  upon  those  Government  and  State  Commissions  where  the 
special  training  and  knowledge  would  be  of  great  service  to  the  public 

1806.  February.  "  Code  of  Engineering  Ethics,"  adopted  by  tl 
Canadian  Society  of  Civil  Engineers. 

Duty  of  the  Engineer  to  his  client. 

1.  Every  member  of  the  Society  should  perform  the  work  he  unde 
takes  to  do  to  the  best  of  his  ability  and  in  the  true  spirit  of  his  engag 
ment,  feeling  it  to  be  his  duty  to  present  all  ascertained  facts  in  the 
true  light. 

The  Client's  Obligation  to  the  Adviser. 

2.  The  Civil  Engineer  has  a  right  to  expect  from  his  client  the  san 
consideration  and  deference  to  his  opinion,  as  is  by  their  cHents  a 
corded  to  the  members  of  other  professions, — law  and  medicine  for  e 
ample — and  without  which  the  adviser  should  decline  to  advise.  T' 
surest  way  for  the  engineer  to  obtain  such  necessary  consideration  ai 
deference  from  the  public,  will  be  found  in  his  manner  of  carrying  himsc 

Mutual  Relations  of  Chief  and  Assistant. 

3.  The  assistant  engineer  must  loyally  obey  and  support  his  chief, 
whom  it  will  be  his  duty  to  report  directly  on  all  matters  relating  to  t 
work  on  which  they  may  be  jointly  engaged.  His  report  should  be  fi 
and  explicit  on  all  important  points  and  exact  as  to  the  best  of  the  f 
sistant's  knowledge  and  belief,  cloaking  nothing,  ev-cn  though  going 
show  that  previous  rcpf)rts  had  been  inaccurate  or  not  duly  weighed 
some  particulars  affecting  the  well-being  of  the  business  in  hand. 

4.  The  assistant  engineer  is  entitled  to  look  to  his  chief  for  and 
receive  from  him  advice  for  his  guidance  in  the  proper  pcrformar 
of  his  duties  and,  where  right,  to  expect  his  support  in  matters  of  dispu 
between  him  (the  assistant)  and  his  subordinates  or  between  him  a 
the  contractors  working  under  him.  He  is  also  entitled  to  the  aid 
the  chief  engineer's  professional  ex]x*riencc  or  counsel  where  unlook 
for  or  extraordinary  difficulties  present  themselves  or  changes  of  origii 
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plan  may  be  called  for  in  the  work  on  which  they  are  associated,  so  that 
responsibility  may  be  fairly  apportioned  between  them. 

5.  It  is  the  duty  of  both  chief  and  assistant,  each  in  his  department, 
to  study  economy  in  the  doing  of  the  work,  the  management  of  which 
they  have  undertaken,  and  in  every  way  consistent  with  the  maintenance 
of  the  good  character  of  the  work  to  make  the  client's  interest  the  guiding 
object. 

6.  The  engineer  may  legitimately  suggest  experiments  with  a  view  to 
improvement,  whether  in  methods  of  doing  the  work  which  he  oversees, 
or  for  raising  its  character,  but  such  experiments  should  only  be  under- 
taken with  the  full  consent  of  the  party,  whether  client  or  contractor, 
on  whom  the  expense  may  fall,  and  on  the  understanding  that  to  them 
will  occur  all  pecuniary  benefit  from  the  success  of  the  experiment. 

7.  It  shall  be  considered  unprofessional  for  any  member  of  this  So- 
ciety to  seek  the  position  of  an  expert  to  report  on  any  work  that  is  in 
charge  of  a  recognized  engineer. 

8.  It  shall  be  the  duty  of  any  engineers  before  examining  any  work 
with  a  view  to  report  thereon,  to  give  the  engineer  due  notice  before 
going  on  with  the  investigation,  in  order  that  he  may  have  every  facility 
to  explain  and  sustain  his  methods  of  carrying  on  the  work  in  question. 

Professional  Services  of  Engineers  to  each  other. 

0.  Interchange  of  professional  assistance  between  members,  as  tending 
to  promote  fraternal  intercourse  and  mutual  good  will,  is  not  to  be 
discouraged,  but  neither  is  it  to  be  considered  obligatory  on  a  member 
to  respond  to  the  request  of  a  fellow  member  for  professional  counsel 
or  assistance.  Service  so  rendered  must  be  entirely  voluntary  on  the 
part  of  the  member  whose  aid  is  sought. 

Pecuniary  Matters,  Advertising,  etc. 

10.  The  Civil  Engineer  may  consistently  with  professional  status 
take  out  patents  for  new  inventions  or  for  improvements  on  old  ones 
and  may  sell  or  otherwise  dispose  of  the  patents  for  his  own  advantage. 
He  may  undertake  the  survey  and  the  engineering  of  works  by  contract 
or  he  may  contract  for  the  construction  of  works  on  a  percentage  of  their 
cost.  Advertising  with  a  view  to  attracting  business  should,  where 
resorted  to,  be  as  far  as  possible  free  from  egotistic  or  self  laudatory 
references  and  expressed  in  language  not  derogatory  to  the  dignity  of 
the  profession. 

Duties  of  the  Civil  Engineer  to  the  Public. 

11.  The  Civil  Engineer  whose  advice  is  sought  in  respect  to  the  use- 
fulness, practicability  and  cost  of  a  work  should,  before  expressing  his 
opinion,  obtain  reliable  information  on  all  points  involved  in  the  matter 
submitted  to  his  judgment,  including  the  probable  paying  capacity  of 
the  contemplated  undertaking.  He  must  be  cautious  how  he  recom- 
mends large  preliminary  outlay,  should  avoid  connecting  himself  with 
schemes  or  projects  of  merely  speculative  character,  always  bearing  in 
mind  that  his  professional  reputation  will  be  to  a  great  extent  judged 
by  the  inherent  worth  and  commercial  value  of  the  undertaking  with 
which  his  name  may  come  to  be  associated. 

1901.  Septemlx?r.  James  Owen,  "  Is  it  Unprofessional  for  an  Engineer 
to  be  a  Patentee?  " 
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Discussion  on  another  paper  Transactions  A.S.C.E.,  p.  479. 
In   Mr.  Owen's   opinion  it  is  entirely  unprofessional  for  a  Civil  Engi- 
neer to  get  any  patent  on  any  work  which  he  has  constructed. 

1901.  December.    A.S.C.E.  Topical  Discussion. 

**  Do  the  interests  of  the  profession,  and  the  duty  of  its  members  to 
the  public,  require  that  only  those  who  are  competent  be  allowed  to  prac- 
tice as  civil  engineers? 

"  Under  what  authority,  through  what  agency,  and  upon  what  evi- 
dence of  competency,  should  applicants  be  admitted  to  the  practice  of 
Civil  Engineering?  " 

Quotations  from  discussion: 

**  In  this  country  the  great  profession  of  Engineering  in  its  several 
branches,  is  alone  in  being  open  to  the  pretender  and  the  quack." 

"  From  the  nature  of  our  Government  it  is  impossible  to  secure  national 
action  in  the  matter,  and  the  several  State  Legislatures  alone  must  be 
looked  to  for  the  necessary  legislation." 

Enactments  in  the  several  States  should  be  as  nearly  uniform  as 
possible. 

Suggests  1st — Defining  term  "  Civil  Engineer.  " 
2d — State  Board  of  Examiners. 
3d — Licenses  of  three  classes. 

1st  class — Long  experience  and  marked  ability. 

2d   class — Intermediate. 

3d   class — ^Technical  graduates,  little  experience. 
4th — No  one  practice  without  a  license. 

Law  should  not  apply  to  Engineer  Corps  of  U.  S.  Army  or  to  Civil 
Engineers  of  U.  S.  Navy,  when  on  government  work. 

5th — Board  revoke  licenses  for  j^ood  cause  or  degrade  in  class. 

Opposes  having  A.S.C.E.  represented  in  any  way. 

Others  disapproved  State  action.  All  approved  that  incompetent 
persons  should  in  some  way  be  disbarred,  or  that  the  State  merely  cer- 
tify, not  license.     National  Government  could  do  this  also. 

1902.  April.  A.  R.  Eldridge,  "  Is  it  Unprofessional  for  an  Engineer 
to  be  a  Patentee?  " 

Paper,  A.S.C.E.  Transactions,  vol.  48,  p.  314. 

S.  Whinery  in  discussion  says  in  abstract  no  valid  reason  can  exist 
for  denying  engineer  right  to  patent  inventions  that  have  no  connection 
with  his  profession.  ♦  ♦  ♦  Public  at  large  has  no  legal  or  moral  claim 
because  of  his  vocation  *  *  *  Duty  as  citizen  is  discharged  when  he 
pays  his  taxes.   *  *  *  Inventions  are  personal  property  of  the  inventor. 

What  claim  has  profession  on  inventions  of  members?  No  legal  right 
or  moral  right?  But  it  *  *  *  has  claims  not  less  real  because  some- 
what difficult  to  define.  Embraced  in  general  term,  '*  Professional 
Ethics."  May  assume  products  of  engineers'  brain  are  as  much  his  per- 
sonal property  as  products  of  his  hands  *  *  *. 

Inventions  relating  to  profession  may  be  divided  into  two  classes: 
1st,  those  relating  to  engineer's  workshop,  instruments,  etc.  Open 
question  whether  use  should  not  be  free  to  all.  In  medical  profession 
it  is  distinctly  improper  to  patent  these.  2d  class,  inventions  that  con- 
fer no  special  benefit  on  profession.  He  is  entitled  to  patent  these  and 
receive  compensation. 
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Impression  that  in  medical  profession  it  is  unprofessional  to  take  out 
a  patent  of  any  kind.  Not  so.  Only  patents  on  instruments  and  medi- 
cines are  barred. 

What  claim  has  client  on  engineer's  inventions?  1st  case:  Where  in- 
vention is  made  in  client's  employ,  legal  status  will  sel  tie.  "  A  "  takes 
out  patent  in  **  B's  "  employ.  **  B  "  entitled  to  free  use  in  his  business, 
but  no  other  claim  on  it.  "  A  *'  may  sell  it  to  any  other  persons  in 
whole  or  part.  2d  case:  Where  engineer  made  invention  before  entering 
employ  of  client.  Should  not  use  it,  royalty  or  no  royalty,  without 
permission  of  client. 

The  writer  believes  that  the  time  has  come  when  the  profession  should 
take  a  positive  and  unmistakable  action  on  this  question  of  the  right 
of  the  engineer,  not  only  to  invent,  but  to  protect  his  invention  in  the 
way  the  law  has  provided. 

1902.    May.    Report  of  Board  of  Direction  A.S.C.E. 

The  resolution  of  June  1893  for  appointment  of  a  committee,  **  To 
collect  information  and  to  consider  the  propriety  of  the  adoption  by 
the  Society  of  a  code  of  ethics  for  the  profession  and  to  make  such  other 
recommendation  as  the  committee  thiftks  proper.'* 

Transactions  A.S.C.E.,  vol.  49,  p.  45. 
Abstract  of  Report  of  Committee: 

Arguments  in  favor. 

1.  The  resolution  is  for  appointment  of  special  committee,  etc.  Does 
not  commit  the  Society.  There  should  be  no  objection  to  the  appoint- 
ment of  such  committee  to  consider  the  question. 

2.  The  evident  difference  of  opinion  among  engineers  as  To  the  neces- 
sity for  a  code  of  ethics,  is  a  good  reason  why  committee  should  be  ap- 
pointed to  consider  the  matter. 

3.  There  is  some  question  as  to  whether  civil  engineering  may  prop 
erly   be    called    a    profession.     The   Century    Dictionary's   definition   of 
"  profession  "  is  quoted.     This  definition  seems  very  clearly  to  apply  to 
the  actual  facts  of  the  practice  of  civil  engineering. 

4.  Rules  do  exist  which  govern  relations  to  each  other  and  to  the 
public,  of  men  following  other  professions,  not  only  to  the  "  old  pro- 
fessions," but  to  such  vocations  as  dealing  in  stocks  and  produce. 

5.  Will  not  the  character  of  civil  engineering  and  the  relations  of 
members  to  themselves  and  to  the  public  be  improved  by  a  code  of 
ethics? 

4.  It  seems  to  be  a  fact  that  civil  engineers  do  in  some  instances  per- 
mit themselves  to  act  in  ways  which  in  other  professions  would  be  con- 
sidered unprofessional  and  improper. 

7.  Lack  of  rules  affords  excuses  for  such  conduct. 

8.  The  fact  that  many  engineers  are  in  salaried  positions  should  be 
an  argument  for  appointment  of  such  a  committee.  Those  who  require 
the  services  of  an  engineer  are  apt  to  base  their  estimate  on  the  standing 
which  the  engineer  himself  takes. 

Arguments  against. 
1.  It  may  just  as  well  be  asserted  that  the  other  great  professions 
are  great  in  spite  of  codes,  not  because  of  them. 
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2.  It  seems  to  be  a  fact  that  lawyers  have  no  formulated  code.  Their 
rules  of  conduct  are  partly  matters  of  tradition  and  partly  interpretation 
and  construction  by  various  authoritative  bodies,  but  not  codified  and 
adopted  by  the  great  Bar  Associations  of  the  United  States. 

3.  The  Medical  Society  of  the  State  of  New  York  has  voted  to  abandon 
its  code  of  ethics.  Its  president  states,  *'  It  would  mean  more  to  the 
character  of  the  medical  profession  and  would  enhance  the  respect  in 
which  it  is  held  by  the  general  public,  if  the  specific  rules  of  ethical 
conduct  were  obliterated  from  the  By-Labi's  of  the  State  Medical  So- 
ciety, and  it  the  regulation  of  such  matters  were  hereafter  left  to  the 
judgment  of  individual  practitioners  influenced  by  professional  opinion 
and  by  local  custom. 

4.  It  is  believed  that  architects  are  also  without  a  formulated  and 
accepted  code. 

5.  Rules  governing  stock  and  produce  exchanges  are  not  analogous. 
It  is  impossible  to  frame  a  code  to  cover  all  cases.  It  would  be  too 
complicated  and  minute  to  administer.  It  must  therefore  be  a  statement 
of  general  principles,  but  these  have  been  made  by  moral  teachers  since 
society  began. 

6.  A  strict  code  would  restrain  those  who  need  no  restraint  and  would 
not  be  a  guide  to  the  unprincipled. 

7.  An  engineer  may  be  deterred  by  timid  adherence  to  the  code  from 
doing  his  real  duty  to  his  client  or  himself. 

A  long  discussion  followed  this  report. 

In  this  discussion  the  following  points  came  up: 

1.  To  what  extent  and  in  what  ways  may  an  engineer  advertise  his 
services? 

2.  Under  what  circumstances  is  he  to  own  and  control  patents  con- 
sistent with  strictly  professional  practice? 

3.  What  general  practice  should  govern  the  condition  of  consulting 
engineers  toward  other  engineers  engaged  upon  work? 

4.  Under  what  circumstances  should  an  engineer  pass  judgment  on 
the  work  of  his  professional  brethren? 

6.  To  what  extent  should  the  circumstances  of  an  engineer's  private 
life  be  allowed  to  interfere  with  his  professional  standing? 

6.  Is  it  practicable  or  ad\'isable  that  the  Society  should  attempt  to 
expose  quacks? 

7.  What  acts,  if  any,  should  make  an  engineer  liable  to  the  censure 
of  the  Society? 

The  motion  to  adopt  the  resolution,  being  put  to  vote,  was  lost. 

1902.  August.  Robert  Moore,  *'  The  Engineers  of  the  Twentieth  Cen- 
tury." 

A.S.C.E.  Transactions,  vol.  48  (closing  paragraphs). 

"  And  it  is,  I  think,  safe  to  say  that  for  the  kindling  of  professional 
enthusiasm,  and  the  establishment  of  high  professional  standards,  the 
Society  and  its  members  will  continue  to  rely,  as  they  have  done  in  the 
past,  upon  these  vital  and  moral  forces,  and  not  upon  the  enactment  of 
codes  or  upon  any  form  of  legislation. 

*'  Indeed,  anything  which  savers  of  compulsion  is  to  be  deprecated 
as  not  comporting  with  the  dignity  of  a  body  of  men  chosen,  like  oiu* 
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own,  upon  a  basis  of  education  and  approved  character.  We  may 
safely  trust  such  men  to  the  guidance  of  their  own  sense  of  fitness  and 
right  and  to  the  contagion  of  noble  example. 

"  Moreover,  any  code  that  can  be  framed  is  certain  to  be  antiquated 
to-morrow. 

"  As  expressions  of  individual  opinion  and  suggestions  for  the  guidance 
of  others,  such  rules  may  be  of  great  value,  but  as  official  codes  to  com- 
pel compliance  and  take  the  place  of  individual  conscience,  they  will 
be  harmful  rather  than  helpful. 

"  But,  animated  by  the  inspiration  of  example,  personal  contact, 
and  friendship,  hardly  any  limit  can  be  set  to  the  effect  of  our  Society  in 
lifting  our  profession  to  the  highest  plane  of  real  service  and  honors 
well  deserved." 

1905.    August.    F.  C.  Osborne,  "  Engineering  Ethics  and  Fees." 

Paper   read    before    Engineers'   Club    of   Cleveland.     Journal   of   the 
Association  of  Engineering  Societies,  vol.  35,  No.  2. 
Abstract : 

Question  of  fees  for  engineers  has  not  received  the  attention  it  de- 
serves. 

A  complete  schedule  hard  to  arrive  at;  but  for  certain  classes  of  work 
a  fee  based  on  a  percentage  of  the  cost  of  the  construction  seems  prac- 
ticable and  equitable.  The  architects  have  had  for  years  such  a  system, 
and  it  has  grown  to  be  recognized  by  the  public  and  the  courts.  A 
few  engineers  have  adopted  the  architects'  schedule,  and  if  more  of  them 
would  do  so,  the  result  would  be  of  advantage  to  all  concerned. 

When  a  large  proportion  of  complicated  mechanical  work  is  involved, 
the  usual  amount  of  the  fee,  viz.,  5%,  is  hardly  sufficient.  In  fact  in 
many  cases  a  fee  of  10%  is  not  too  much  to  cover  complete  plans,  speci- 
fications  and  superintendence. 
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Discussion  on  **  Engineering  Honor,"  at  Milwaukee,  Wis., 

May  30,  1906. 

C.  P.  Steinmetz:  The  day  before  yesterday  we  listened  to  a 
very  interesting  dissertation  by  our  worthy  President  on  engi- 
neering ethics.  1  have  in  tl:c  last  few  days  thought  over  this 
matter  considerably.  There  is  a  code  of  ethics  in  all  other  pro- 
fessions. The  high  standing  of  the  medical  profession  and  of 
the  profession  of  law  is,  in  my  mind,  undoubtedly  due  to  their 
strict  code  of  ethics.  Other  branches  of  engineering  also  have 
some  more  or  less  universally  recognized  code  of  ethics.  Our 
profession  is  the  youngest  one.  There  are  still  amongst  us 
some  of  the  early  pioneers,  who  have  seen  the  beginning  of 
electrical  engineering,  and  they  are  not  so  very  old  yet,  either; 
even  in  our  worthy  Secretary  we  have  one — and  he  is  not  so  old, 
because  as  he  tells  me  he  is  still  riding  a  bicycle — men  whose 
activity  began  during  the  times  when  electrical  engineering 
consisted  of  telegraphy  and  nothing  else. 

While  our  profession  is  the  youngest,  it  is  one  of  the  most 
important.  Our  national  organization  is  the  second  largest 
engineering  organization  in  the  United  States.  However, 
problems  have  appeared  which  have  to  be  met  by  the  electrical 
engineering  profession,  problems  of  ethics  which  are  different, 
to  a  considerable  extent,  to  those  met  in  other  engineering 
professions.  I  want  to  draw  your  attention  to  a  feature  intro- 
duced by  the  fact  that  a  very  large  percentage  of  the  prominent 
electrical  engineers  are  more  or  less  closely  associated  with 
large  manufacturing  or  large  operating  companies.  Our  organ- 
ization is  powerful,  is  of  a  very  high  standing;  it  is  up  to  us, 
and  it  is  within  our  power  either  to  increase  the  standing  of  the 
electrical  engineering  profession,  to  put  a  ban  on  everything 
we  consider  improper,  to  raise  the  eode  of  ethics  of  the  electrical 
engineering  profession,  or  to  let  matters  slide  and  trust  to  Provi- 
dence whether  our  standing  shall  rise  or  otherwise.  I  believe 
we  should  not  do  that.  I  believe  we  should  consider  the  ques- 
tion of  establishing  ethics  for  the  profession  of  electrical  engi- 
neering; and  I   shall  therefore  make  a  motion  as  follows: 

The  x\merican  Institute  of  Electrical  Engineers,  in 
annual  convention  assembled,  requests  the  President  and  the 
Board  of  Directors  to  nominate  a  committee  to  consider  the 
advisability  of  drawing  up  a  code  of  ethics  for  the  electrical 
engineering  profession,  and  if  this  committee  considers  it  ad- 
visable to  draw  up  sucli  a  code  of  electrical  engineering  ethics, 
to  proceed  with  the  work. 

I  believe  as  far  as  this  motion  goes  it  will  be  sufficient,  if 
the  committee  nominated  in  this  manner  considers  it  inad- 
visable, to  let  the  matter  rest  or  take  it  up  in  annual 
convention  next  year.  If,  as  I  believe  they  will,  they  con- 
sider it  advisable  to  proceed,  then  tliey  can  work  at  the  sub- 
ject  tentatively   and   produce   a   code   for  submission   to   the 
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members.  The  method  of  procedure  then,  I  believe,  would  un- 
doubtedly be  the  same  which  was  successfully  followed  when 
we  started  the  work  of  standardization;  that  is,  a  tentative 
code  would  be  worked  out  by  the  committee,  then  submitted 
to  a  limited  number  of  engineers  in  our  organization  for  their 
opinions,  suggestions,  and  criticisms,  and  after  considering  these 
opinions  and  suggestions  and  criticisms,  the  tentative  code 
could  be  modified  as  far  as  the  committee  considered  it  ad- 
visable, and  would  then  be  submitted  once  more  to  the  mem- 
bership at  large,  to  all  the  members,  for  their  opinions,  sug- 
gestions and  criticisms;  and  after  these  suggestions  and  opin- 
ions are  in  and  considered  by  the  Code  Committee,  then  the 
report  would  be  resubmitted  to  the  Institute  at  large,  probably 
at  the  next  annual  convention. 

Dugald  C.  Jackson:  This  is  a  matter  that  I  have  thought 
about  frequently,  on  account  of  my  relations  with  many  young 
men  with  whom  I  am  brought  in  close  contact,  and  1  take  a 
great  deal  of  pleasure  in  supporting  the  movement,  which  the 
President's  address  has  so  aptly  given  us  a  hint  of,  of  getting 
together  to  do  some  more  standardizing,  and  with  that  in  view 
I  wish  to  second  the  excellent  motion  of  Dr.  Steinmetz. 

President  Wheeler:  The  motion  is  made  and  duly  sec- 
onded. It  is  now  open  for  consideration.  Are  there  any  other 
remarks  ? 

C.  F.  Scott:  Our  Institute  has  two  general  functions;  one 
may  be  termed  engineering  activity,  the  publication  of  papers, 
the  educational  influence  of  the  Institute  among  its  members, 
and  especially  among  the  younger  growing  engineers  of  the 
country.  The  second  function  is  a  different  function,  which 
has  aptly  been  emphasized  during  the  past  few  days,  and 
principally  by  the  excellent  address  of  President  Wheeler,  in 
which  he  emphasizes  the  importance  of  professional  ethics  in 
our  Institute.  At  a  meeting  which  was  held  last  night,  and 
to  which  I  may  have  occasion  to  refer  a  little  later,  President 
Wheeler  called  renewed  attention  to  the  authoritative  position 
which  our  Institute  holds  in  the  publication  of  its  papers, 
through  its  Standardization  Committee,  and  the  like.  We  are 
not  merely  disseminating  papers  for  their  educational  influence 
among  our  members,  but  we  are  disseminating  literature  which 
is  accepted  as  standard,  as  representative  of  the  profession. 
Even  that  which  appears  in  the  pages  of  our  transactions, 
possibly  presented  as  the  individual  views,  or  the  results  of 
work  of  a  member,  has  a  different  standing  when  it  appears 
on  these  pages  from  what  it  would  have  elsewhere.  And  in 
the  shaping  of  the  policies  of  the  Institute  for  the  future, 
these  two  things  must  be  kept  in  mind.  I  have  sometimes 
thought  that  those  who  have  had  one  branch  of  the  work  of 
the  Institute  in  mind,  have  minimized  the  importance  of  the 
other  branch,  or  overlooked  it;  on  the  other  hand,  those  who 
have  had  other  things  in  mind  have  not  seen  the  importance 
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md  realized  the  necessity  of  developing  along  other  lines.  I 
;rust,  therefore,  the  motion  which  has  been  made  will  be  unan- 
mously  carried,  as  I  believe  it  may  be  very  useful  in  broad- 
ening and  holding  the  proper  balance  between  the  different, 
iimctions  which  our  Institute  should  perform. 

(President  Wheeler  put  the  motion,  which  was  unanimously 
:arried.) 

President  Wheeler:  I  need  hardly  say  how  glad  I  am  to 
iiave  the  Institute  take  this  step,  because  I  think  it  is  a  very 
.mportant  matter  for  us  all ;  and  I  am  pleased  to  have  the  direc- 
tion in  which  I  have  been  thinking  approved  by  my  fellow  mem- 
Ders. 


A  .^ptr  Resented  at  the  2Bd  Annua/  Cpm- 
vention  o/tkt  American  ItutUute  0/ Electrical 
Rngineers,  Milwaukee,  Wis.^  May  28, 1906. 

Copyright  IQOC.    By  A.  I.  B.  B. 


REPULSION  INDUCTION  MOTOR. 


BY  MAURICE  MILCH. 


Of  late  the  attention  of  electrical  engineers  has  been  fre- 
quently called  to  types  of  single-phase  commutator  motors 
combining  the  good  characteristics  of  a  repulsion  motor  at 
starting  with  the  characteristics  of  a  single-phase  induction 
motor  near  synchronism;  the  idea  being  to  produce  a  motor 
with  good  starting  torque  and  limited  speed,  such  as  would 
be  preeminently  suited  for  tool,  elevator,  and  similar  work. 
In  all  these  cases  the  combination  mentioned  has  been  brought 
about  by  a  mechanical  change,  either  gradual  or  sudden,  in 
the  armature  circuits,  this  change  being  effected  either  by 
hand  or  by  automatically  operating  centrifugal  devices;  in 
short,  by  means  not  inherent  to  the  motor. 

As  a  result  of  a  study  of  the  effect  of  differently  distributed 
ampere-turns  upon  the  action  of  the  repulsion  motor,  some 
years  ago  the  writer  proposed  a  new  type  of  motor  in  which 
starting  characteristics  similar  to  those  of  a  repulsion  motor 
were  inherently  combined  with  the  near  synchronous  load 
characteristics  of  an  induction  motor. 

In  the  following  pages  an  attempt  will  be  made  to  explain 
the  action  of  this  motor,  supplementing  the  explanation  with 
characteristic  curves  obtained  from  tests  on  motors  btiilt  for 
commercial  purposes. 

I. 

In  order  to  facilitate  the  description  of  the  apparatus,  we 

shall  first  briefly   consider  the  more  or  less   known  elements 

whose  combined  action  makes  for  its  success.     These  elements 

are:    1,   the    repulsion   motor;    2,    the    commutator    induction 

motor. 

269 


270 


MILCH:  REPULSION  INDUCTION  MOTOR. 


May  28 


Pig.  1  represents  the  repulsion  motor,  and  Fig.  2  the  com- 
mutator induction  motor.  Both  Figs,  are  self-explanatory 
and  are  simply  referred  to  in  Figs.  3  and  4. 

tig.  3  is  the  working  diagram  of  the  repulsion  motor.  In 
it  Ii  represents  the  current  and  armature  reaction  of  the  pri- 
mary member,  supposed  to  be  wound  with  a  sinusoidally  dis- 
tributed winding;  /„  the  current  and  armature  reaction  in  the 
secondary  member,  (also  supposed  to  be  wound  sinusoidally), 
the  winding  of  which  is  short  circuited  by  brushes  a  a  displaced 
by  the  angle  a  from  the  reaction  axis  of  the  primary  member. 
The  vector  combination — ^being  allowed  by  the  supposition  of 


Pio.  1. 


Fio.  2. 


a  sinusoidal  distribution  of  the  ampere-turns  in  both  the  pri- 
mary and  the  secondary  members — of  both  currents  and  re- 
actions gives  the  resultant  armature  reaction,  and  conse- 
quently magnetic  field,  /,.  The  action  of  this  resultant  field 
upon  the  secondary  armature  reaction  produces  a  torque 
which  creates  a  tendency  in  the  motor  to  run  away,  similar  to 
the  direct-current  series  motor,  as  the  torque-producing  field 
is  substantially  proportional  to  the  armature  current. 

Fig.  4  is  the  working  diagram  of  the  commutator  induction 
motor;  a  a  are  the  primary  terminals,  b  b  are  the  brushes  of 
the  secondary  *'  energy  "  circuit — in  line  with  the  primary 
circuit — and   c  c  represents  brushes   of   the   secondary    "  com- 
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pensating  **  circuit,  displaced  by  90  electrical  degrees  from 
the  energy  circuit.  All  circuits  are  supposed  to  be  wound 
sinusoidally  and  to  be  without  leakage. 

It  is  to  be  seen  at  a  glance  that  in  contradistinction  to  the 
repulsion  motor,  this  motor  does  not  possess  any  starting 
torque  whatever.  For  even  ii  bb  were  displaced  from  a  a, 
any  sine-shaped  field  component  perpendicular  upon  the  energy 
circtiit  is  completely  damped  out  and  annihilated  by  the  com- 
pensating circuit  cc  which  is  short  circuited  upon  itself  and 
does  not  contain  counter  electromotive  forces  when  at  *  rest. 


Fig.  3. 


Fig.  4. 


As  soon,  however,  as  the  motor  is  set  into  motion  a  torque 
appears  which  first  gradually  increases  and  then  decreases  as 
the  motor  approaches  synchronism,  as  may  be  seen  from  the 
following  considerations: 

Imagine,  first,  brushes  bb  open  circuited,  and  the  armature 
driven  at  synchronous  speed,  while  an  electromotive  force  £4, 
Fig.  5,  is  impressed  upon  the  primary  terminals  a  a.  This 
electromotive  force  creates  a  field  0^  in  the  direction  of  the 
primary  circuit  a  a  which  lags  by  90°  behind  Ej,  and  which  by 
cutting  the  conductors  of  circuit  c  c,  creates  an  electromotive 
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force  E,  (in  size  equal  to  E^,  this  in  turn  being  in  phase  with  *i. 
As  this  electromotive  force  is  short  circuited  upon  the  exciting  im- 
pedance of  circuit  c  c,  a  field  (P,  is  created  by  this  circuit  equal 
in  size  to,  but  displaced  by  90*^,  in  time  and  space,  from  (Pj. 
*i  and  *j,  therefore,  produce  a  revolving  field  at  synchronous 
speed.  *„  by  cutting  the  conductors  of  ciroiit  b  6,  creates 
therein  an  electromotive  force  £,  equal  in  magnitude  and  phase 
to  JEj,  or  equal  and  opposite  to  the  electromotive  force  £/, 
indua^d  between  fc  6  by  the  fluctuation  of  (Pj.  E^  and  £/,  there- 
fore, cancel  each  other  at  synchronism,  and  hb  may  be  short 
circuited  without  producing  any  current  in  this  circuit.  Below 
synchronism,  however,  E^  —  E/  is  negative,  and  consequently 


^1 


^2 


:i^. 

-'^o 


Fig.  5. 


a  negative — motor — current  will  flow  through  6  6;  above 
synchronism,  E^  —  E^'  becomes  positive,  and  a  generator 
current — ^breaking — flows  through  6  6.  The  motor,  therefore, 
will  behave  like  an  ordinary  induction  motor.  This  description 
will  hold  good  for  the  case  that  the  secondary  brush  system 
is  displaced  from  the  primary  axis  of  symmetry',  as  may  be 
easily  verified. 

It  will  be  seen,  too,  that  the  remarks  on  the  commutator 
induction  motor  are  also  valid  for  the  case  of  a  non-sinusoidal 
distribution  of  amperc-tums  along  the  gap,  as  long  as  they 
are  distributed  symmetrically  around  the  primary  axis;  that 
is,  as  long  as  there  is  no  brush  displacement. 
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II. 

Having  described  the  two  elements  of  the  apparatus,  it  will 
now  be  shown  that  by  simply  choosing  a  particular  distribution 
of  ampere-turns  along  the  gap  of  the  motor,  both  elements 
can  be  combined  in  one  apparatus. 

Let  Fig.  6  represent  a  4-pole  repulsion  motor,  whose  arma- 
ture is  supposed  to  be  of  the  Gramme  type.  Similarly,  let 
Fig.  7  represent  a  2-pole  commutator  induction  motor,  also 
equipped  with  a  Gramme  armature.  In  both  figures  the  arrows 
represent  the  respective  signs  of  the  ampere-turns.  If  now 
the  two  armatures  are  rigidly  coupled  together  and  at  the 
same  time  the  primary  members  of  both  motors  are  connected 
in  series,  a  combination  is  obtained  that,  due  to  its  repulsion 
motor  element,  possesses  a  good  starting  torque  and,  due  to 


Fig.  G. 


Fig.  7. 


Its  induction  motor  element,  some  of  the  load  characteristics 
of  such  a  motor  near  synchronous  speed.  For,  when  starting, 
the  induction  element  will  merely  represent  an  impedance  in 
series  with  the  repulsion  motor  without  adding  any  torque 
to  the  combination.  With  increasing  speed,  however,  as  has 
been  seen,  the  impedance  of  the  induction  motor  element  rap- 
idly increases,  and  consequently  it  will  gradually  drain  the 
line  voltage  of  the  combination  into  its  own  circuits,  thereby 
impressing  upon  the  combination  its  own  characteristics  more 
and  more  as  synchronism  is  approached. 

It  was  shown  that  the  induction  motor  element  does  not 
possess  any  torque  at  synchronous  speed.  AL  this  speed, 
however^  the  repulsion  motor  carries  the  magnetizing  current 
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of  the  commutator  induction  motor  connected  in  series  with 
it  and,  due  to  its  consequent  torque,  drives  the  induction 
motor  above  synchronism  up  to  a  speed  where  the  positive 
torque  of  the  repulsion  motor  and  the  negative  (generator) 
torque  of  the  commutator  induction  motor  balance  each  other. 
This  speed,  then,  will  be  the  limiting  speed  of  the  combination, 
and  it  will  act  as  a  motor  below  this  speed  and  as  a  generator 
above  it. 

Instead  of  producing  this  effect  by  two  separate  structures, 
both  elements  may  be  blended  into  one.  For  this  purpose 
the  same  armature  is  used — as  the  armatures  are  identical 
in  both  elements — and  both  primary  windings  are  wound  into  the 
same  slots  above  each  other,  Fig.  8.     As  seen  in  Fig.  8,  equal 


Fig.  & 


Fig.  9. 


and  opposite  current  elements  will  then  appear  in  some  sec- 
tions of  both  primary  windings,  thereby  cancelling  the  effect 
of  these  sections  and  making  them  superfluous.  Thus  the  ar- 
rangement shown  in  Fig.  9  will  obviously  be  of  the  same  effect 
as  that  of  Fig.  8. 

By  a  peculiar  distribution  of  ampere-turns,  an  arrangement 
is  now  produced  that  possesses  all  the  characteristics  claimed 
for  the  repulsion  induction  motor — the  significance  of  which 
term  will  now  be  apparent — at  the  outset  of  this  paper,  al- 
though owing  to  its  peculiar  mechanical  makeup  and  its  com- 
paratively poor  copper  efficiency  it  will  be  merely  of  theoretical 
interest. 

The  principle  of  combining  such  elements  naturally  allows 
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of  quite  a  ntunber  of  variations;  as  it  is  not  worth  while  to 
discuss  these  in  detail,  only  one  case  will  be  considered — a 
case  of  immediate  practical  importance,  and  which  allows  of  a 
solution  of  the  problem  in  an  electrically  as  well  as  mechanically 
efficient  way. 

Imagine  the  periphery  of  a  motor  both  in  the  primary  and 
the  secondary  member  wotmd  with  a  sinusoidally  distributed 
2-pole  winding.  Fig.  10  shows  this  winding  developed  on  a 
plane.  Over  this  winding  let  there  be  wotmd  a  second  winding 
of  sinusoidal  distribution,  but  of  3  x  2  poles,  Fig.  11,  and  then 
another  of  5x2  poles,  etc.,  with  decreasing  amplitude  of  the 
distribution  of  conductors  per  unit  length  in  the  ratio  of  1  for 
the  2-pole  winding,  1/3  for  the  6-pole  winding,  1/5  for  the 


Fig.  10. 

10-pole  winding,  etc.  If  all  these  windings  are  now  connected 
in  series  there  is  obtained  a  winding  which  is  equivalent  to  a 
2-pole  winding  imiformly  distributed  over  the  circtimference 
of  the  motor,  as  may  be  seen  from  the  following  consideration: 
Let  a  be  the  pitch  of  the  2-pole  winding,  and  x  any  length 
taken  from  the  beginning  of  the  2-pole  winding  as  shown  in 
Fig.  11.  Then,  according  to  supposition,  the  number  of  con- 
ductors per  imit  length,  y,  at  any  point,  x,  will  be 

y  =»  sm  —  ap  +  -^  sm  3  —  %  -h  -^  sm  5  —  x  •{-    .    .    . 
a  6  aba 

This,  however,  according  to  Fourier,  is  equivalent  to  a  recti- 
linear distribution  of  conductors  whose  number  per  imit  length 
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— ^if  1  be  the  maximtun  number  of  conductors  per  unit  length 


of  the  2-pole  sinusoidal  winding — ^will  be  -j* 


This,  then,  will 


be  equivalent  to  any  ordinary  full-pitch  winding  in  practical 
use  to-day.  Hence  by  winding  the  primary  member  with  any 
full-pitch  distributed  winding,  and  the  secondary  member 
with  any  full-pitch  drum  winding,  this  will  satisfactorily  answer 
the  conditions.  And  if  the  motor  be  provided  with  two  sets 
of  brushes,  each  set  standing  nearly  perpendicularly  upon  the 
other,  this  combination  will  be  similar  in  principle  to  the 
simple,  but  impractical,  combination  of  a  2-pole  induction, 
with  a  4-pole  repulsion  motor  as  discussed  above.  The  2-pole 
sinusoidal  windings  of  both  primary  and  secondary  members 
will   then    correspond   to    the    commutator   induction    motor. 


Fio.  11. 

whereas  of  the  6-pole,  10-polc,  etc.,  windings  each  will  be  the 
repulsion  motor  element  connected  in  series  with  the  2-pole 
commutator  induction  motor. 

We  now  have  obtained  a  motor  which,  with  a  simple  full- 
pitch  winding  uniformly  distributed  over  the  circumference  of 
the  primary  and  the  secondary  members,  will  possess  a  good 
starting  torque  and  a  limiting  speed  somewhat  above  syn- 
chronism. 

The  description  and  explanation  of  Fig.  5  was  made  on  the 
assumption  of  an  ideal  motor  without  internal  impedance 
drop  in  its  windings.  In  an  actual  motor  the  electromotive 
forces  as  shown  in  Fig.  5  will  not  balance  each  other  so  exactly, 
owing  to  leakage  and  resistance  in  the  circuits.  Hence  the 
balancing  of  the  electromotive  forces  will  not  be  brought  about 
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by  the  prospective  fields  alone,  and  therefore,  *i  will  be  greater 
than  *„  unless  the  electromotive  force  £,  be  helped  out  by  an 
additional  electromotive  force  impressed  by  external  means 
upon  the  compensating  circuit,  as  has  been  proposed  by  Mr. 
Marius  Latour.  By  a  proper  application  of  this  auxiliary 
electromotive  force,  the  motor  may  be  so  over-excited  that  it 
takes  leading  current  from  the  line. 

In  the  following  considerations  it  will  be  assumed  that  a 
small  auxiliary  electromotive  force  is  impressed  upon  the  com- 
pensating circuit,  this  being  the  more  general  case.  By  making 
the  impedance  of  the  compensating  circuit  of  suitable  size, 
and  different  from  the  impedance  of  the  energy  circuit,  it  will 
be  observed  that  an  additional  element  enters  into  the  method 
of  operation  of  the  motor.  For  it  is  clear  that  should  the 
impedance   of  the   compensating  circtiit  become   infinite,  the 


or 

T 

t 

> 

^x-4 

Fio.  12. 

motor  would  be  reduced  to  a  repulsion  motor  pure  and  simple. 
Thus  by  varying  the  magnitude  of  this  impedance,  the  speed- 
torque  characteristic  of  the  motor  may  be  varied  at  will,  and 
it  is  to  be  seen  that  then  a  torque  due  to  the  2-pole  winding 
or  fundamental  harmonic  will  appear  and  become  more  and 
more  prominent  as  the  impedance  increases. 


III. 

A  quantative  analysis  may  now  be  made  of  the  effects  of  a 
tmiform  distribution  of  ampere-turns  upon  the  action  of  the 
motor.  This  analysis  will  be  restricted  to  the  conditions  pre- 
vailing at  starting,  this  being  the  most  interesting  point  in 
question. 

Imagine  that  according  to  Fourier's  law  we  have  decomposed 
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the  2n  polar  tmiformly  distributed  windings  of  both  the  pri- 
msLTy  and  secondary  members  of  a  motor  into  the  2n  polar, 
6n  polar,  10  n  polar,  etc.,  sinusoidally  distributed  windings 
discussed  above  and  that  all  these  windings  are  connected  in 
series  in  each  individual  member.     Assume  further  that  both 


»     10     le     u     iQ     iH    ^    ^     ^ 

ELECTRICAL  DEGREES  DISPLACEMENT 

Fio.  13. 


primary  and  secondary  members  carry  the  same  niunber  of  turns. 
Referring  to  Fig.  13,  let: 
Primary  impressed  electromotive  force  «  E^ 
Electromotive  force  impressed  upon  compensating  circuit —  £, 
Primary  self -inductive  impedance  «■  2^  —  r,  —  /  x^ 
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Self-inductive  impedance  of  secondary    energy  circuit  =  Z, 

Self -inductive  impedance  of  secondary  compensating  circuit 
-  Z,  =  r,-;^. 

Mutual  inductive  impedance  of  actual,  imiformly  distributed 
winding  =  Zo  =  —  ;  ^o 

Mutual  inductive  impedance  of  the  2  n,  6  n,  10  »,  etc.,  polar, 
sinusoidally  distributed,  windings  corresponding  to  the  first, 
third,  fifth,  etc.,  iiarmonics  of  the  Fourier  series  =  Zi  =  —  /  x,; 
Zixi  *  —  y^xiil  Zv  =  —  y^v,  etc. 

Current  in  primary  member  =  /j  =  ii'-hj  ii" 

Current  in  energy  circuit  of  secondary  member  =  /,  =  t,' 

+yi/ 

Current  in  compensating  circuit  of  secondary  member  =  /, 

By  a  simple  calculation,  as  shown  in  the  appendix,  it  is 
found  that  the  mutual  inductive  impedances  corresponding  to 
the  different  harmonics  are  interconnected  by  the  following 
relations: 


Zi=  -—j-  Z(j  =  /?  Zq\  Ziii  =  -5^  Zq]  Zv  =  -r^  Z^\  etc. 


The  conditions  in  all  three  circuits  to  be  satisfied  are    that 
the  sum  of  all  the  electromotive  forces  be  zero  for  each  circuit. 
Hence  for  the  primary'  circuit  in  vector  notation 

(1)  £,  =  7i  (Zi  +  Z,  +  Z,„  +  Zv+   .  .  .  )-/,  (Z,  cos  a-fZ,,, 
cos3a+   .  .  .  )  — /j  (Zi  sin  a  — Ziiisin  3a  +  Zvsin5a—  .    .    .    ) 

Similarly  for  the  energy  circuit  of  secondary  member: 

(2)  /j  (Z,-fZ,  +  Z,„  +  Zv+   .  .  .  )-/i  (Z,  cosa  +  Z,„cos3a 
-f  .  .  .  )  =  0 

And  for  the  compensating  circuit: 

(3)  /j  (Z3  +  Z,  +  Z,„  +  Zv4-    .    .    .    )  - /i  (Z,  sin  a  -  Z,„  sin  3  a 
+  Zv  sin  5  a  —   .  .  .  )  -h  -£,  =  0 

By  definition:  Zi  +  Z,ii  +  Zy+  .  .  .  =  Z^ 
Furthermore: 
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Zi  COS  a-VZm  cos  3a  +  Zy  cos  5  a+  .  .  .  —  Zq/?  (cos  a  + 

cos  3  a  ,  cos  5  a  ,  . 

34     +    54     +  .  .  .  ; 

Zi  sin  a  —  Zm  sin  3  a  +  Zy  sin  5  a  —  .  .  .  =  Z^R  (sin  a  — 


sin  3  a     sin  5  a 


cos  (2  w  —  1 )  a 
Substituting  A  =^  R  ^^^  -  ~(o^f^Zr\y — 

ti»l 


into  1,  2,  and  3,  we  get: 

(4)  £j  =  /j(Z.  +  Z.)-/,Z»>l-/,Z.B 

(5)  /,(2,  +  Z.)-/.Z,^  =0 

(6)  /,  (Z,  +  Zo)  - /,  Z^B^■E^  =  0 
Hence : 

(7) 


7 

J    —  J    A  ^ 


Inserting  7  and  8  into  4  we  get: 
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or,  denoting 

Z  *  Z  * 

C  =  Z,+Z,-A^^-^-B*  ^-^, 

we  get: 

Z 

(9)  /. j^^^^  -  iV+/n' 

Z, 


E^-E^B 


7 

E  —E  B 
(11)      r_R_A_        '        '      -gp+'gt  ^»      ^i'\ii' 


Adopting  Mr.  Steinmetz's  convenient  expression  of  **  torque 
in  synchronous  watts,"  synchronous  speed  is  defined  as 
the  speed  corresponding  to  the  fundamental  harmonic;  that  is, 
the  speed  of  a  2  n  polar  synchronous  motor.  In  this  same 
sense  the  actual  synchronous  speeds  corresponding  to  the 
windings  of  the  third,  fifth,  etc.,  harmonic  will  be  called  1/3 
synchronous,  1/5  synchronous,  etc.,  speeds. 

As  the  magnetic  reluctance  of  the  paths  of  mutual  induction 
is  supposed  to  be  the  same  in  all  directions,  it  is  obvious  that 
visible  torque  effects  will  be  produced  between  such  magneto- 
motive forces  only  as  are  mechanically  separated  by  the  air- 
gap  in  addition  to  being  perpendicular  upon  each  other. 

Accordingly,  these  active  magnetomotive  forces  are  decom- 
posed into  components  perpendicular  upon  each  other;  con- 
sidering them  separately,   the  following  relations  are  obtained: 

Torque  due  to  mutual  action  of  magnetomotive  forces  /, 
and  /j  sin  a  of  the  fundamental  harmonic  in  synchronous  watts 

=  ^1  O2'  i\   ^i^  a  +  ^2''  H"  sin  a) 

Torque  due  to  mutual  action  of  magnetomotive  forces  /, 
and  /j  cos  a  of  the  fundamental  harmonic  in  synchronous  watts 

=  —  ^1  (^s'  i\'  ^^^  a+i^^  i^  cos  a) 
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Hence  total  torque  corresponding  to  the  action  of  the  first 
harmonic  in  synchronous  watts  = 

(12)  =  Xi  [(i/  t/-f  V  ii")  sin  a  -  (t,'  iV  +  *V  *7)  cos  a] 

Torque  due  to  mutual  action  of  magnetomotive  forces  /, 
and  (/jSinaH-/,)  of  the  third  harmonic  in  1/3  synchronous 
watts: 

-  Xm  [iV  iW  sin  3  a  +  tV)+*7  i^i  sin  3  a-f  iV)] 

Torque  due  to  mutual  action  of  magnetomotive  forces  /, 
and  (/,  cos  a  —  /,)  of  the  third  harmonic  in  1/3  synchronous 
Watts: 

=  Xui  [*V  (*/  cos  3  a  -  i,0  +ij^  (t/  cos  3  a  ~  t^)] 

Hence  total  torque  due  to  action  of  third  harmonic  in  syn- 
chronous watts 

(13)  =  3^„,[(iVn'  +  i2''*7)sin3a  +  (iVii'  +  tVOcos3a] 

Torque  due  to  mutual  action  of  magnetomotive  forces  /, 
and  (/j  sin  5  a  —  /,)  of  the  fifth  harmonic  in  1/5  synchronous 
watts: 

=  Xy  [V,'  (i/  sin  5  a  —  i,')  +^2"  {h"  sin  5  a  —  i^")] 

Torque  due  to  mutual  action  of  magnetomotive  forces  7, 
and  (/jCosSa  — /j)  of  the  fifth  harmonic  in  1/5  synchronous 
watts: 

=  —  Xy  [iV  (i/  cos  5  a  —  tj')  +  i/  (ii"  cos  5  a  —  i^")] 

Hence  total  torque  due  to  action  of  fifth  harmonic  in  syn- 
chronous watts: 

(14)  =  5  Xy  [(tV  *i'  +  *,''  h'')  sin  5  a  -  (t,'  i/  +  i/  H")  cos  5  a] 

In  a  similar  way  the  torque  action  of  the  still  higher  harmonics 
may  be  calculated  and  we  obtain  for  the  total  torque  in  syn- 
chronous watts: 

T  =  OV  n'  +  *'/  ^i")  [-^i  sin  a  +  3  Xm  sin  3  a  -h  5  rry  sin 5  a  +  . .] 

—  (^s'  ^1'  +  iz"  ii")  [^1  cos  tt  —  3  Xixi  cos  3  tt  +  5  :«:v  cos  5a—...] 

Or,  since: 

Xi  =  K  x^\  :riii  =  ~  Xq\  ^v  =  ^  Xq\  etc.. 
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we  have  for  the  restilting  torque  in  synchronous  watts: 

n«oo 

-r  D     r///.-#-r\    ^^     sin  (2  n  —  1)  a 

(15)      T^x.R     [(i/V  +  */0   ^         (2n-l)» 

n-1 

n-1 

IV. 

In  order  to  bring  out  the  relative  importance  of  the  indi- 
vidual terms  in  the  expression  for  the  torque,  and  also  to  test 
their  correctness  by  experiment,  the  curves  shown  in  Fig.  13 
have  been  calculated  for  a  motor  of  the  following  constants: 

£1  =•  110  volts. 

x^  =  0.935  fi  «  0.26 

x^  «  0.935  r,  =  0.585 

x^  =  1.255  f,  -  0.81 

^0  -     36 
The  calculation  has  been  carried  out  to  the  fifth  harmonic 
only,  as  values  obtained  from  the  seventh  harmonic  are  negli- 
gibly  small,  and  as  the  character  of  the  individual  terms  is 
elucidated  well  enough  by  the  three  component  curves. 

The  curves  represent  calculated  values,  whereas  the  few 
points  plotted  were  obtained  from  tests  made  by  the  prony 
brake.  Each  point  plotted  is  the  average  of  at  least  five  read- 
ings. It  will  be  seen  that  values  obtained  by  test  and  cal- 
culation check  fairly  well,  thereby  proving  also  that  harmonics 
above  the  fifth  may  be  safely  neglected. 

Obviously,  the  higher  the  saturation  in  an  individual  case 
the  more  the  results  of  calculation  will  differ  from  values  ob- 
tained by  test,  as  saturation  tends  to  suppress  the  action  of 
the  higher  harmonics. 

In  Fig.  14  are  shown  the  speed-torque  characteristics  of  a 
5  h.p.  60-cycle  motor  that  were  obtained  from  test.  As  seen, 
the  maximum  torque  in  this  case  occurs  at  starting  and  gradu- 
ally diminishes,  falling  to  zero  a  few  per  cent,  above  synchron- 
ism. The  values  obtained  for  torque  per  kilovolt-ampere  show 
that  the  motor  is  in  this  respect  fully  equivalent  to  a  good 
polyphase  induction  motor  with  resistance  regulation. 
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Pig.  15  shows  results  of  a  brake  test  on  the  same  motor. 
The  performance  of  the  motor,  according  to  these  curves, 
compares  very  favorably  with  any  other  single-phase  motor  of 
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this  size,  and  at  the  same  time  points  out  very  forcibly  the 
commercial  possibilities  of  the  motor. 

Objection  may  be  made  to  the  large  slip  at  full  load:  but 
considering  the  application  of  this  motor  it  would  appear  that 
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this  question  is  of  very  little  importance  in  most  cases.  Shotdd 
closer  speed  regulation  be  required  in  a  particular  case,  a  por- 
tion of  the  primary  winding  may  be  cut  out  at  full  speed  so 
as  to  make  the  axis  of  the  primary  member  practically  coincide 
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with  that  of  the  energy  circuit.     The  slip  will  then  be  reduced 
to  about  three  or  four  per  cent. 

Tn  order  to  give  an  idea  of  how  the  performance  of  the  motor 
changes  as  its  size  decreases,  in  Fig.  15  are  shown  characteristics 
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The 


of  a  0.5-h.p.,  60-cycle  motor  obtained  from  a  brake  test 
curves  speak  for  themselves. 

The  commutation  of   both  motors,    in  fact  of  all   motors 
of  the  type  built  so  far,    compares  quite  well  with  that   of 
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corresponding  direct-current  motors,  and  endurance  tests  have 
also  shown  that  the  commutator  does  not  require  more  care. 

The  reason  of  the  particularly  good  commutation  of  a  motor 
of  this  type  is  apparent,  as  it  is  obvious  that  only  a  fraction 
of  the  torque-producing  fields  will  be  embraced  by  the  coil 
that   is   short   circuited   under  the   brush. 
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For  those  further  interested  in  the  subject  the  writer  takei 
the  pleasure  of  referring  to  an  interesting  article  by  Mr.  Seijiro 
Sugiyama,*  who,  working  independently  of  the  writer,  estab- 
lishes a  similar  theory  with  somewhat  different  results. 

Appendix. 

1.  Exciting  impedance  of  a  winding  with  rectilinear  distri- 
bution.    Referring  to  Fig.  17,  let 

Bj  «»  maximimi  induction  per  square  inch. 
Zi  =  number  of  effective  conductors  per  inch 
Ci  =  4.44  X  cycles  x  10-* 


Fig.  17. 

C,  —  a  constant  depending  upon  the  magnetic  reluctance 
a    =  pole-pitch 

*x  «  flux  per  inch  length  of  core 
t  J    =  exciting  current 
Bg  =»  density  at  any  particular  point  x 
Xq  «  exciting  impedance  per  pole 

Then,  the  electromotive  force  induced   in  the  winding  per 
pole  and  inch  length  will  be: 
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o 

t 

0 

where  ♦.  -  {a^2x)  ^^-^  =  ^  i^"^''') 

and  n  —  Z|  d  ^ 


Hence: 


E,^^B,Z,C, 


Fig.  18. 

We  have  also:  B  =  C^Z^a  tj 

Hence,  we  have  for  the  exciting  impedance: 


V    ^  /'   /-    _".  7  2 


2.  Exciting  impedance  of  a  simisoidally  distributed  winding. 
Referring  to  Fig.   18,  let 

jBj  =  maximum  density  i)er  square  inch 

Z2  *=  number  of  maximum  effective  conductors  per  inch 
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Zx  =  ntunber  of  eflfective  conductors  per  inch  at  any  par- 
ticular point 

Cj  =«  4.44  X  cycles  X  1(H 

C,  =  constant,  depending  upon  the  reluctance  of  the  motor 
only 

a    =  pole-pitch 

0x  =  flux  per  inch  length  of  core 

1*2    =  exciting  current 

Xj  «=  exciting  impedance 

n  =*  Zxdx 

Then,  electromotive  force  per  pole: 


0 

m 

^^  —  2  /  B^  cos xdx  ^  — -—  sm  —  x 

J  a  n^  a 


n  ^  Zxdx  ^  Z^  sin  —  xdx 
a 


E^^C,—B,Z,   fsin'—xdx^C.-^B.Z, 
n  J  a  ^  1  n 

0 

We  also  have: 


B,    «    Co  ZnCli  m 


Hence: 


a'      2 
^1  -  Ci  Cj  :j--  —  Zj»t, 

And 

a' 


As  the  pole -pitch  of  the  third  harmonic  is     — ,  and  as  the 
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Z 

maximum  ntimber  of  effective  conductors  per  inch  is  -~,     we 

get  for  the  exciting  impedance  per  three  poles  of  the  third 
harmonic: 

1        n^    7  ^  a*  7  ^ 

V     ^  1  r  r  "*    ^  r  r  » 

A,„  _  4  o,  u,  ^  -^  -^       Ui  u,  ^^5-^. 

And  similarly  for  the  exciting  impedance  of  the  fifth  harmonic 
per  5  poles: 

I     a'  Z  '  a'  Z  ' 

Xv  -  5  Cj  C,  —  _  ^  =  CiC,-jp-^,  etc. 

Or,  as  from  our  supposition: 

4 
Z  —  — Z 


we  have: 


X,-C,C,Z^a»^ 


4*      1 


etc.     And,  finally: 


X,     6x  4'  96       J. 

x,„      /? 


X,        3« 


etc. 
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Discussion  on  the  "  Repulsion  Induction  Motor,**  at 
Milwaukee,  Wis.,  May  28,  1906. 

C.  P.  Steinmetz:  I  desire  to  draw  your  attention  to  some 
features  of  this  paper.  It  is  a  report  of  the  work  done  by  my 
assistant,  Mr.  Milch,  in  developing  a  type  of  alternating-current 
motor  intermediary  between  the  polyphase  induction  motor 
and  the  single-phase  series  motor;  that  is,  a  motor  having  con- 
stant- and  Umited-speed  characteristics  combined  with  very 
high  starting  torque,  and  high  torque  efficiency  and  power- 
factor  at  starting  and  at  low  and  intermediate  speeds.  The 
repulsion  motor  and  the  compensated  series  motor  give  a  very 
high  torque  at  starting  and  at  low  speeds,  but  an  tmlimited 
speed;  that  is,  the  speed  increases  indefinitely  with  decreasing 
load. 

Such  a  motor,  while  eminently  suited  for  electric  railroad  and 
similar  classes  of  work,  is  not  satisfactory  for  elevator  work, 
hoisting,  driving  factory  tool  machines,  etc.;  for  if  the  load  were 
suddenly  thrown  off  or  reduced  the  motor  would  speed  up  and 
be  Hable  to  wreck  itself  or  the  driven  machinery.  Here  the 
limited-speed  motor  is  necessary. 

The  induction  motor  is  a  limited-speed  motor,  but  in  starting 
is  decidedly  inferior.  It  may  be  made  to  give  a  good  starting 
torque  efficiency  by  inserting  a  resistance  in  the  rotor  or  sec- 
ondary circuit.  That,  however,  handicaps  its  utility  for  heavily 
fluctuating  loads,  because  at  loads  it  must  run  without  the 
armature  rheostat,  and  then  a  very  heavy  fluctuation  of  load 
may  throw  the  motor  out  of  step.  For  a  very  heavy  sudden 
fluctuation  of  load,  then,  a  motor  is  needed  that  increases  in 
torque  at  good  efficiency  down  to  standstill,  and  not  merely  one 
that  can  be  made  to  maintain  its  torque  by  operating  the 
rheostat,  but  which  by  a  series  characteristic  automatically 
raises  its  torque  with  decreasing  speed  and  so  spontaneously 
recovers. 

As  I  have  said,  this  motor  is  a  corjibination  of  a  series  and  a 
shunt  motor.  By  compensation  it  gives  very  good  character- 
istics. I  call  your  attention  to  the  curves  in  Figs.  14  and  15, 
where  it  is  seen  that  the  torque  increases  steadily  down  to  stand- 
still, the  torque  per  kilovolt-ampere  input  remains  constant, 
and  the  power-factor  for  variations  of  load  is  between  95% 
and  100%.  The  sUp  is  naturally  higher  than  with  the  induction 
motor.  This  motor  combines  a  very  high  power-factor  with 
high  torque  efficiency,  limited  speed,  and  heavy  starting  torque* 
but  owing  to  the  use  of  a  commutator  it  has  not  quite  the  sim, 
plicity  of  the  induction  motor.  It  is,  therefore,  useful,  and  as 
a  standard  article  of  manufacture  is  being  introduced  for  that 
class  of  work  where  its  particular  features  are  desirable;  that 
is,  for  steady  speed  and  steady  load,  as  in  cotton  mills.  Where 
continuous  attention  is  given  to  the  control,  as  in  railway  work, 
the  induction  motor  and  repulsion  or  compensated  series  motcr 
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respectively  are  the  types  of  motor  used.  In  other  words,  the 
repulsion  induction  motor  forms  an  intermediate  type  between 
the  induction  and  the  series  motor,  a  motor  for  electric  ele- 
vators which  is  comparable  to  the  direct-ctirrent  compound 
motor  as  developed  in  the  early  days  by  Eickemeyer  and  used 
ever  since  by  one  of  the  electric  elevator  manufacturers. 

D.  C.  Jackson:  A  number  of  years  ago  I  was  led  to  the  con- 
clusion that  general  power  distribution  could  be  better  effected 
in  the  end  by  single-phase  alternating  currents  than  by  our 
usual  processes.  That  conviction  led  me  to  look  into  the  ques- 
tion of  a  self-starting  single-phase  alternating-current  motor 
which  would  have  reasonably  constant  speed.  I  did  at  that 
time,  and  have  since,  given  considerable  attention  to  this  ques- 
tion of  a  motor  which  includes,  in  one,  some  of  the  character- 
istics of  a  repulsion  motor  and  some  of  the  characteristics  of  an 
induction  motor — a  motor  that  starts  like  a  repulsion  motor 
and  runs  near  synchronous  speed  more  or  less  like  an  induction 
motor. 

I  believe  that  type  of  motor  will,  in  the  end,  take  the  place 
of  many  of  our  polyphase  motors  for  general  power  distribution. 
Undoubtedly  the  polyphase  current  has  an  advantage  for  long- 
distance transmission  of  power,  and  in  cases  where  large  motors 
may  be  used,  on  account  of  the  way  in  which  it  utilizes  the 
copper.  In  connection  with  such  plants  the  polyphase  motor 
is  perhaps  without  a  superior;  but  for  general  power  distribution, 
the  polyphase  circuit  and  the  polyphase  motor  are  not  entirely 
satisfactory,  at  least  that  is  our  experience  in  small  plants 
in  the  central  West.  Doubtless,  our  past-presidents  who  sit 
upon  the  platform  may  be  inclined  to  dissent  from  this  assertion, 
but  their  experience  has  been  more  distinctively  with  plants 
so  much  larger  than  those  which  I  more  particularly  refer  to 
that  w^  may  perhaps  be  justified  in  having  a  difference  in  our 
points  of  view. 

The  development  of  the  last  few  years  has  I  think  rather 
strengthened  the  conviction  which  I  had  some  years  ago,  that 
single-phase  circuits  are  the  most  desirable  that  have  been  de- 
veloped for  house  to  house  distribution  of  power  in  the  smaller 
cities.  Under  these  circumstances  I  am  pleased  to  read  the 
paper  by  Mr.  Milch  in  which  he  describes  an  interesting  motor, 
and  I  shall  add  that  the  paper  impresses  me  as  being  a  beau- 
tiful discussion  of  the  particular  problem  which  he  has  had 
before  him. 

In  my  experiments  I  have  found  that  the  question  of  power- 
factor  will  take  care  of  itself.  The  results  of  Mr.  Milch 's  ex- 
periments seem  to  indicate  the  same  fact.  I  have  also  found 
that  the  slip  at  full  load  could  be  controlled  by  fixing  the  dis- 
tance above  synchronism  at  which  the  machine  runs  at  light 
load.  Machines  of  this  type  run  at  a  speed  slightly  above 
synchronism  when  lightly  loaded,  and  the  designer  can  fix 
that  point;  at  full  load  they  ordinarily  nm  at  a  speed  below 


1906.J  DISCUSSION  AT  MILWAUKEE.  293 

synchronism.  When  I  say  synchronism,  I  mean  a  speed  syn- 
chronous with  the  theoretical  rotating  field  of  a  polyphase 
motor  with  the  same  number  of  poles  working  on  a  circuit  at 
the  same  frequency.  Consequently,  since  the  point  below 
synchronism  at  which  the  machine  will  take  its  full  load,  and 
the  point  above  synchronism  at  which  the  machine  will  run  at 
no  load,  can  be  practically  fixed  by  design,  the  question  of  slip 
can  be  predetermined  by  the  designer. 

The  specific  form  of  motor  described  by  Mr.  Milch  may  not 
be  an  ultimate  form;  but  self -starting,  single-phase  motors  will, 
in  the  end,  I  am  quite  sure,  be  designed  and  manufactured  of 
the  repulsion-induction  type.  These  will  give  satisfactory  com- 
mercial characteristics,  with  regulation  of  speed  equal  to  that 
in  ordinary  direct  current  motors  and  ordinary  polyphase  in- 
duction motors. 

G.  Percy  Cole:  This  motor  seems  to  have  very  large  slip  at 
full  load.  For  this  reason  I  think  it  would  be  rather  objection- 
able for  use  in  cotton  mills,  where  constant  speed  is  quite  neces- 
sary. In  the  case  of  the  5-h.p.  motor  there  is  a  slip  of  prac- 
tically 15%  between  no  load  and  full  load;  this  would  be  rather 
objectionable  in  some  classes  of  work.  For  elevators  and  ma- 
chine tools  where  the  drive  does  not  require  such  close  speed 
this  motor  might  be  suitable,  but  while  the  starting  torque  is 
very  large  the  starting  current  is  also  very  large.  The  starting 
torque  is  about  four  times  the  full -load  running  torque.  If  no 
means  were  introduced  to  control  this  current,  it  would  have 
an  objectionable  effect  on  the  distributing  system.  In  this 
respect  this  motor  is  not  so  good  as  a  true  repulsion  motor 
which,  when  thrown  on  full  line  voltage,  takes  a  starting  current 
of  about  2.5  times  the  full-load  running  current,  and  the  start- 
ing torque  is  about  2.5  times  the  full-load  running  torque. 

It  seems  to  me  that  this  motor  would  not  be  so  suitable  as 
other  forms  of  single-phase  induction  motors.  Take  for  ex- 
ample the  Arnold  type  of  single-phase  induction  motor,  where 
every  segment  of  the  commutator  is  short-circuited  when  up 
to  running  speed.  Such  a  good  short  circuit  is  obtained  on  the 
armature  that  there  is  better  speed  regulation  than  on  the 
polyphase  induction  motor.  On  a  5-h.p.  Arnold  type  of  motor 
the  shp  at  full  load  is  between  2.5%  and  3%..  A  polyphase 
induction  motor  of  the  same  capacity  would  have  about  5%, 
whereas  this  motor  before  us  to-day  has  practically  15%.  The 
following  statement  is  made  in  the  paper: 

Objection  may  Ve  made  to  the  large  slip  at  full  load,  but  considering 
the  application  of  this  motor  it  would  appear  that  this  question  is  of 
very  little  importance. 

But  it  does  not  mention  what  this  motor  is  supposed  to  be 
used  for.  I  should  judge  that  it  is  for  elevator  work  and  work 
where  heavy  starting  torque  is  required.  For  elevator  work, 
however,  there  is  another  motor  known  as  the  Schulcr 
type,   in    which    the  short-circuiting    is  done  through    a    con- 
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troller.  The  full-load  slip  of  a  motor  of  this  kind  is  only  about 
3.5%  on  a  motor  of  from  5  to  10  h.p.  The  starting  current 
can  be  controlled  within  50%  over  full-load  current  and  still  at 
the  same  time  give  50%  over   full-load  torque. 

Another  objection  to  the  Milch  type  of  motor,  used  for  con- 
stant-speed work,  is  that  the  brushes  remain  on  the  commutator 
all  the  time,  and  consequently  have  a  wear  and  tear  com- 
parable to  that  on  the  brushes  of  a  direct-current  motor.  The 
Arnold  type  of  motor  in  use  now  does  not  have  the  brushes 
bear  on  the  commutator  at  all  during  normal  operating  con- 
ditions, because  as  the  armature  is  short-circuited  the  motoi 
runs  purely  as  a  single-phase  induction  motor. 

C.  P.  Steinmetz :  High  starting  torque  necessarily  means  greater 
slip  at  full-load  running.  But  wherever  very  high  torque  is  re- 
quired at  low  and  intermediate  speeds,  a  greater  slip  is  permissible. 
In  a  cotton  mill,  which  requires  very  steady  speed,  you  do  not  re- 
quire heavy  starting  torque  and  good  power-factor  at  inter- 
mediate speeds,  and  do  not  require  the  ability  to  recover  2Jt 
excessive  overloads  because  these  never  occur.  And,  first 
and  last,  a  commutator  is  not  wanted  in  a  cotton  mill; 
that  is  the  reason  why,  in  a  cotton  mill,  the  plain  induction  motor 
is  preferred  to  any  type  of  commutator  motor,  whether  direct 
current  or  alternating.  With  a  commutator,  there  is  always  the 
possibility  of  a  slight  arc,  and  with  the  space  filled  with  floating 
lint  this  arc  is  a  dangerous  thing.  The  heavy  starting  torque 
in  this  motor,  three  to  four  times  the  running  torque,  means  three 
to  four  times  the  running  current.  The  repulsion  or  series 
motor,  to  get  the  same  starting  torque,  does  not  require  so 
much  current;  that  is,  the  repulsion  or  series  motor  is  not  only 
equal,  but  superior  to  this  motor  in  starting.  The  constant- 
speed  characteristics  mean  some  sacrifice  in  starting  current. 

The  polyphase  induction  motor  without  secondary  resistance 
is  inferior  in  starting-torque  efficiency,  requiring  several  times 
more  current  for  a  certain  starting  torque  than  for  the  same 
torque  when  running.  With  armature  resistance,  the  polyphase 
induction  motor  gives  the  same  torqu  peer  ampere  when  starting 
as  when  running,  but  cannot  well  be  built  to  give  three  to  four 
times  running  torque  in  starting  without  badly  spoiling  the 
power-factor  when  running  at  part  load.  Mechanical  com- 
binations of  induction  and  repulsion  motor  have  the  objection 
that  if  the  centrifugal  device  which  cuts  out  the  commutator 
should  fail  at  light  load,  the  motor  would  race  and  wreck  things. 

I  do  not  consider  the  present,  nor  any  other  motor  as  a  uni- 
versal motor.  I  do  not  share  Professor  Jackson's  idea  that 
the  universal  motor  will  be  a  single-phase  limited-speed  motor. 
I  have  been  a  strong  advocate  of  the  single-phase  system,  but 
I  am  not  quite  so  strongly  in  favor  of  it  now.  As  a  resut  of 
the  change  in  industrial  conditions  during  the  last  few  years, 
I  am  leaning  toward  the  polyphase  system,  for  reasons  which 
we  have  no  time  to  discuss  now. 


A  /a/er /resemieJ  ai  tnt  9^ Annual  CoTitfemti^n 
0/tke  American  Institute 0/  Electrical  Engi- 
neer*^ Milwaukee^  M«^9B-81, 1903. 
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COMPARISON  OF  TWO-  AND  THREE-PHASE  MOTORS. 


BY  BRADLEY  MCCORMICK. 

In  the  manufacture  of  induction  motors  considerations  of 
cost  make  it  advisable  to  build  both  two-  and  three-phase 
motors  on  the  same  size  of  frame.  The  questions  then  arise, 
given  two  similar  frames  without  windings,  how  shall  the  two- 
and  three-phase  windings  differ  in  order  to  secure  proper  opera- 
tion? What  will  be  the  comparative  losses  if  both  machines 
are  given  the  same  rating,  or,  if  not  rated  the  same,  how  shall 
their  ratings  differ? 

The  answer  to  these  questions  involves  a  comparison  of  the 
following  factors  in  two-  and  three-phase  machines: 

1.  Distribution  factor,  which  takes  into  account  the  effect 
on  the  voltage  of  distributing  the  windings  into  a  number  of 
slots. 

2.  Flux-variation  factor,  which  shows  how  nearly  the  field 
conforms  to  the  perfect  sinusoidal  revolving  field. 

3.  Current  density  in  rotor  and  stator. 

4.  Leakage  factor. 

Distribution  Factor. 

Suppose  the  conductors  are  wound  in  four  slots  per  phase  per 
pole  and  let  the  four  equal  pressures  0  A,  OB,  OC,  and  0  £>, 
each  a  degrees  behind  the  other,  represent  the  pressure  gen- 
erated in  each  slot  (see  Fig.  1).  Complete  the  polygon  of 
electromotive  forces,  and  O  D'  \s  the  resultant  pressure.  Now, 
evidently  the  polygons  0  AB'  C  D'  and  ABC  DE  are  sim- 
ilar.    The  pressure,  if  all  the  coils  were  concentrated  in  one 
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slot,  would  be  Oy4  4-OS  +  OC+OD  instead  of  OD'  so  we 
may  write, 

OD^ AE     _  AE 

OA^OB^OC-\^OD       AB  +  BC^CD  +  DE         bP 

__  2  V  sin  \  ah  _  sin  i  «  /» 
2  V  6  sin  i  a       h  sin  ^  « 

where  K  =  the  distribution  factor 

V  =  the  pressure  generated  per  slot 

b    =  number  of  slots  per  phase  per  pole, 
when  b  becomes  infinite,  b  p  becomes  arc  A  E  and 

^  ^  2  sin  i  <  APE 
^      <  AOE 

Table  1  shows  the  values  of  distribution  factor  for  various 
cases. 

TABLE  I. 


Slots  per  phase 

Thi 

ree-phase. 

Two-phase. 

per  pole 

1 

1. 

1. 

2 

0.960 

0.924 

3 

0.960 

0.911 

4 

0.958 

0.906 

r» 

0.957 

0.904 

0 

0.956 

O.IKKJ 

Infinity. 

0.955 

0.901 

Let  E  =  volts  across  lines 

0  =  flux  per  pole 

'^  =  frequency  in  cycles  per  second 

a   ==  conductors  per  phase  per  j)olo  ^  h  s 

b    =  slots  per  phase  per  pole 

s    =  conductors  per  slot 

K  =  distribution  factor 

p  =  number  of  poles 

n  =  number  of  phases 
The  flux  is  given  by  the  relation 


10' £ 
2,22  K  p  -  a 


and  (I  ^^- 


10' g 
2.22  K  p  ^0 


bs 
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Compare  now  a  two-  and  a  three-phase  machine  having  12 
slots  per  pole,  and  suppose  that  the  three-phase  machine  is 
Y  connected.  In  the  two-phase  machine  6  =  6  and  in  the  three- 
phase  machine  6  —  4.     We  then  have  the  following: 


6  5'=      ;,_- 


two-phase 
10' £ 


2122  p^  0  .903 


45=    —r= 


three-phase 
10"  E 


Va  2.22  p'^  (fi  0.958 


s  6  0.903 


So  that  for  the  same  flux  a  two-phase  machine  should  have  22.5 
per  cent,  more  conductors  per  slot  than  a  three-phase  Y-con- 
nected  machine. 

Flux  Variation  Factor. 

Suppose  we  have  a  winding  with  n  phases  and  a  conductors 
per  phase  per  pole.  The  current  distribution  along  the  winding 
at  all  points  follows  the  sine  law,  so  that  if  a  and  n  are  large 
we  may  represent  the  instantaneous  value  of  current  by  the 
smooth  curve  shown  in  Fig.  2.  Consider  now  a  group  of  con- 
ductors in  which  the  currents  all  flow  in  the  same  direction, 
for  example   those  designated  by   the    (  +  )    plus   sign.     The 
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magnetomotive  force  at  any  point,  such  as  B  B,  is  the  difference 
between  the  ampere  conductors  to  the  right  and  those  to  the 
left  of  B  B,  but  in  the  same  group.  This  fact  defines  the  curve 
of  magnetomotive  force  whose  ordinates  are  in  ampere-tums 
per  pair  of  poles,  ht  A  A  the  magnetomotive  force  will  be 
that  due  to  all  the  an  conductors  in  the  group  to  the  right, 
that  is,  an  times  the  average  value  of  current  in  the  group 


n  (/\/2  X  — j  =  0.9  a  n  7 


This  is  the  ideal  value    (expressed  in  ampere-turns  per  pair 
of  poles)  of  magnetomotive  force  at  the  maximum  point  in  the 


Fit;.  2 


wave  of  magnetomotive  force.  All  polyphase  revolving 
fields  approach  more  or  less  this  maximum  value,  the  agreement 
being  closer  and  closer  as  a  and  n  approach  infinity. 

In  all  cases  which  are  met  in  practice,  the  maximum  magneto- 
motive force  should  be  expressed  as  0.9  K"' a  n  7,  where  K'  is 
the  variation  factor  to  which  reference  has  already  been  made. 
By  plotting  the  magnetomotive-force  curve  for  several  actual 
cases,  it  is  possible  to  obtain  the  law  of  field  variation  from 
which  the  values  oi  K'  may  be  easily  calculated  for  all  cases. 

Fig.  3a  shows  an  irregular  curve  obtained  from  a  three-phase 
winding  with  6  slots  per  pole  per  phase  at  the  point  when  the 
current  in  the  first  and  third  phases  equals  half  the  ciurent 
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THREE  PHASE  -  6  SLOTS  PER  POLE  PER  PHASE. 
A.— 2  (17  +  15  +  «>  +  1  (I  +  S  +  «  +  7  +  9  +  II)  —  128 


OO 


6ooooo«oooo««o«ooo 


oooooooooe 
•h+'t-  +  +  +  +  +'l-  +  +  +  +  +  +  +  +  + 

1  3  8 

FlK.8a 


THREE  PHASE  -6  SLOTS  PER  POLE  PER  PHASE. 
Area  — 1.73(17  4  15+13+11-1-94  7)  — 1»L5  | 

I-* tt  X  .886  X  I  VT 


tOOOOOOOOOOOO 

+++++++++++f 

1  .2  9 

Fig.  36 


THREE  PHASE -5  SLOTS  PER  POLE  PER  PH49E. 


Fig.  Aa 


-101  Vs 


THREE  PHASE -B  SLOTS  PER  POLE  PER  PHA6E. 

1 

Area —1.73  0"<'+  K  +  10  +  8  +  6) - %6}i 

10  X  .866  I  V2 


-v, 


ooooo^^oooooooooo 


oooooooo 
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m  the  second  phase.     Fig.  3b  shows  the  shape  of  the  curve  30 
degrees  later  when  the  third  phase  is  zero.     It  will  be  noticed 
that  there  is  considerable  variation  between  the  maximiini 
ordinates,  although  the  areas  differ  but  slightly 
The  area  of  the  curve  in  Fig.  3a  is, 

A  ^2  (17+15+13)  +  (l  +  3  +  5  +  74-9+ll)  =  126 

and  the  area  of  the  curve  in  Fig.  3b  is 

B  =  1.73(17+15  +  13+11  +  9  +  7)  =  124,5 

A  +B 
The  average  area  is  — ^ —  ==  125.25 

Replacing  the  curves  by  a  sine  curve  having  an  area  equal 
to  the  mean  value  of  A  and  B,  we  get  as  its  average  ordinate, 

A  +  B  -    /_ 


a  n 


and  as  its  maximum  value, 


A+B  ,    /_ 

— 4  =  0.9aw//C' 

an  2 


Solving  for  K'  gives. 


A- =  ^tf  1.2344 


For  six  slots  per  phase  per  pole  K'  becomes, 
126+124.5. 


()2X3^ 


-X  1.2344  -  0.9569 


Curves  have  also  been  plotted  for  two-phase  windings  for 
the  extreme  cases;  first  with  both  phases  equal  and  then  one 
phase  at  a  maximum  and  the  other  at  zero. 

By  examining  Figs.  3,  4,  5,  and  6,  it  will  be  seen  that  for  any 
case  A  and  B  will  be  given  by  the  following  expressions: 

three-phase — ^b  even. 
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/l  =  2|[3b-l]  +  [3  6-3]  +  [3fc-5]  to 4- terms} 

4-  j  1  4-34-5  +  7  to  b  terms[ 
S  =  1.73  {[3  6-l]4-[3  fc-3]  +  [3  6-5]  to  b  terms} 

three-phase — b  odd 
.4  =  3  64-  {[14-34-54-7  to  6  terms]  +  2  ][3  6-2] 4- [3  6-4] 

4- [3  6-6]  to-^  terms  i 

5=1.73  {[3  6-l]4-[3  6-3]4-[3  6-5]  to  6  terms} 

two-phase — 6  even. 
i4  -\/2'|[2  6-l]  +  [2  6-3]  +  [2  6-5] 1+  } 

B  «  2   I  [2  6-l]  +  [2  6-3]4-[2  6-5]  to  y  terms  | 

two-phase — 6  odd. 
>l  =  \/2"][2  6-l]4-[2  6-3]4-[2  6-5] 4-1} 

B  =  2  6  +  2  j[2  6-2]  +  [26-4]  +  [2  6-6]  to^terms.  I 

Reference  to  table  2  shows  that  in  three-phase  machines  with 
an  odd  number  of  slots  per  phase  per  pole,  /C'  is  constantly  de- 
creasing and  approaches  a  constant  value  of  0.9569  when  6  is 
infinity.  When  6  is  even,  /C'=  0.9569  regardless  of  the  mag- 
nitude of  6.  Similar  characteristics  will  be  found  in  two-phase 
machines,  except  that  AT'  approaches  0.9. 

The  maximum  value  of  induction  corresponding  to  the 
maximum  in  the  equivalent  sine  curve  of  magnetomotive  force  is 

o       3.19X0.9  a  w/oftT'        ^       lASdanl^K' 
B  = — =  5  = 


7C  7C  J 


IrL  lASoXnaxK' 
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Where  I^  =  magnetizing  current 
7    =  pole-pitch 

A   =»  single  air-gap  in  inches  (effective) 
L  =  axial  length  of  machine 

B  «=  maximum  flux  density  in  gap  in  lines  per  sq.  in. 
For  a  three-phase  machine  with  four  slots  per  phase  per  pole » 

,         n0  J  0  J 

^0 


2  tL'  1.435X3  ax  .9569        2.62  a  tL 
For  a  two-phase  machine  with  6  slots  per  phase  per  pole, 
t:  0  J  0  J 


/o  = 


2TL1.435X2XaX0.9       1.65  a  tL 


In  the  three-phase  machine  a  =  5X4  and  in  the  two-phase 
a  =  5X1.225X6 

/o  three-phase  =  2,62xtxsrL  =  lO.tsrLs 

I,  two-phase  -  i.65xi.225X65rL  ^  12.1rL5 

The  magnetizing  current  in  a  three-phase  machine  is  approx- 
imately 15  per  cent,  more  than  in  the  two-phase. 

2 
The  load  current  of  the  three-phase  machine  is    "^  times  that 

Vs 

of.  the  two-phase  machine;  i,e,,  15  per  cent,  more;  that  is, 
the  magnetizing  current  is  the  same  when  expressed  in  per  cent, 
of  full  load  current  both  in  the  two-phase  and  three-phase 
machines.  This,  of  course,  assumes  the  same  apparent  efficiency 
in  each  case. 

Current  Density. 

It  has  been  shown  that  for  the  same  value  of  flux  we  need 

1.22  times  as  many  conductors  in  the  two-phase  machine  as 

are  required  for  the  three-phase  Y-connected  motor  of  the  same 

voltage.     Considering  the  insulation  space  factor  the  same  in 

each  case,  the  two  phase  machine  will  have  times  the 

copper  area. 

As  the  current  in  the  two-phase  machine  is        ,     =    0.866 

2 
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times  that  of  the  three-phase  machine,  it  follows  that  the  cur- 
rent density  of  the  two-phase   machine  is  0.866  -h  =•  1.06 

times  the  current  density  in  the  three-phase  machine  and  the 
copper  loss  is  (1.06)'  =  1.123  times  as  great,  or,  roughly,  the 
copper  loss  is  12%  greater  in  the  two-phase  machine. 

Leakage  Factor. 

The  leakage  in  a  squirrel-cage  induction  motor  may  be  said 
to  consist  of  four  components,  stator-slot  leakage,  stator  free- 
end  leakage,  rotor- slot  leakage,  and  rotor  free-end  leakage. 
Since  the  leakage  factor  is  so  complicated  in  its  make  up,  it  is 
impracticable  to  compare  the  leakage  factors  of  two-  and  three- 
phase  machines  by  means  of  mathematical  formulas. 

Tests  of  a  number  of  machines  show  that  the  leakage  factor 
of  a  two-phase  machine  Is  from  20  to  30  per  cent,  higher  than 
on  the  same  machine  wound  for  three-phase  service,  the  varia- 
tions depending  upon  the  relative  magnitude  of  the  four  com- 
ponents which  go  to  make  up  the  total  leakage.  As  a  fair 
average,  the  leakage  factor  of  a  two-phase  motor  may  be  taken 
at  about  25  per  cent,  larger  than  that  of  the  same  machine 
woimd  for  three  phases. 

Summary. 
The  following  are  the  principal  points  brought  out  in  this 
article  relative  to  two-  and  three-phase  machines,  and  will  aid 
the  designer  in  deciding  upon  the  proper  ratings  for  machines 
when  wound  for  two-phase  service. 

1.  A  two-phase  machine  should  have  22  per  cent,  more  con- 
ductors per  slot  than  the  corresponding  three-phase  Y-connected 
machine  designed  for  the  same  voltage  and  flux  per  pole. 

2.  The  magnetizing  current  is  the  same  in  both  two-  and  three- 
phase  machines,  when  expressed  in  per  cent,  of  the  current 
which  corresponds  to  the  full-ioad  output. 

3.  The  copper  loss  of  the  two-phase  machine  is  12  per  cent, 
higher  than  that  of  the  three-phase. 

4.  The  leakage  factor  of  the  two-phase  machine  averages  25 
per  cent,  greater  than  that  of  the  three-phase  machine. 

Even  machines  of  the  same  phase  and  rating,  which  are  made 
as  nearly  alike  in  every  respect  as  is  commercially  possible, 
vary  widely  among  themselves  in  their  c'-aracteristics  when 
put  in  test.  This  fact  makes  it  very  difficult  to  determine 
by  test  the  relative  behavior  of  two-  and  three-phase  machines, 
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especially  with  regard  to  those  characteristics  which  differ  but 
slightly.  There  can  be  no  doubt  as  to  the  higher  temperature 
rise  of  the  copper  in  the  two-phase  motor,  occasioned  by  the 
higher  copper  loss.  For  the  same  reason  the  efficiency  of  the 
two-phase  motor  is  slightly  lower,  the  difference  depending  upon 
the  relative  magnitude  of  the  iron  and  copper  losses.  Since 
the  slip  is  equal  to  the  ratio  of  the  secondary  copper  loss  to  the 
total  power  input  to  the  secondary,  it  is  evident  that  the  slip 
is  greater  on  the  two-phase  motor.  Calculations  and  tests 
indicate  that  the  slip  on  two-phase  motors  is  about  20  per  cent, 
greater  than  in  three-phase  motors.  Due  to  the  increased 
leakage,  the  power-factor  on  the  two-phase  machine  is  from 
1  to  3  per  cent,  lower  than  on  the  three-phase  motor. 
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Discussion  on  "  Comparison  op  Two-  and  Three-Phasb 
Motors/'  at  Milwaukee,  Wis.,  May  28,  1906. 

A.  S.  McAllister:  The  author  says  that  the  magnetizing 
cturent  in  a  three-phase  motor  is  approximately  15  per  cent, 
more  than  that  in  a  two-phase  motor,  but  that  when  expressed 
in  per  cent,  of  the  full-load  current  the  magnetizing  currents 
of  the  two  motors  are  equal.  These  statements  are  based  on  a 
study  of  the  distribution  of  the  primary  coils,  of  the  change 
in  the  value  of  the  magnetizing  current,  and  of  the  fluctuation 
in  magnetism  produced  thereby. 

I  wish  to  call  attention  to  the  fact  that  these  relations  may  be 
established  much  more  simply  without  any  reference  whatever 
to  the  nimierous  factors  which  the  author  has  taken  into  con- 
sideration, other  than  his  original  implied  asstmiptions  that  the 
frames  of  the  two  motors  are  equal  and  are  subjected  to  the  same 
iron  losses. 

Although  it  would  be  possible  to  determine  the  components 
of  the  primary  current  necessary  to  supply  the  hysteresis  loss 
by  ascertaining  the  distribution  of  the  coils,  the  path  assumed 
by  the  flux,  and  then  making  an  elaborate  study  of  the  B-H 
curve  of  the  iron  employed,  such  a  laborious  method  is  con- 
sidered entirely  unnecessary,  and  use  is  made  of  the  familiar 
hysteresis  formula: 

Wh  =  hfBn^'-'V 
where  h  is  a,  constant  depending  upon  the  quality  of  the  iron. 
Similarly  the  eddy-current  loss  is  found  from  the  formula: 

We    =  efcPBJ'V 
The  sum  of  these  two  quantities  gives  the  iron  loss  in  watts, 
and  the  current  to  supply  these  losses  is  found  by   dividing 
this  value  of  watts  by  the  impressed  electromotive  force. 

It  can  easily  be  shown  that  with  a  closed  magnetic  circuit 
the  quadrature  exciting  watts  may  be  expressed  by  the  formula: 

where  /i  is  the  permeability  of  the  iron  and  ^  is  a  constant, 
having  a  value  of 

2.5 

When  an  air-gap  is  inserted  in  the  magnetic  path,  the  quad- 
rature watts  may  be  expressed  by  the  formula: 

W,    =g/B^2(-^  +  F„) 

where  Va  is  the  volume  of  the  air-gap.  The  exciting  current 
is  found  by  dividing  W q  by  the  impressed  electromotive  force. 
Where  there  are  divided  magnetic  circuits  and  the  magnetism 
is  not  uniform  throughout  the  paths,  it  is  desirable  to  consider 
each  path  separately,  just  as  is  true  in  treating  the  hysteresis 
and  the   eddy   losses.     An   inspection   of  the   formula   for  ex- 


308  COMPARISON  OF  MOTORS.  [May  28 

pressing  the  quadrature  watts  will  show  that  if  the  effective 
value  of  the  maximum  magnetic  density  throughout  the  sev- 
eral volumes  be  used,  a  correct  result  will  be  obtained  from  a 
single  calculation. 

From  the  above  discussed  facts  it  will  be  evident  that  the 
quadrature  exciting  watts  of  an  induction  motor  operated  at  a 
certain  frequency  and  magnetic  density  depends  solely  on  the 
volume  of  the  core  and  the  air-gaps,  and  is  not  affected  by  the 
number  coils  or  phases  or  the  voltage  of  the  machine. 

These  remarks  should  not  be  considered  as  adverse  criticism 
of  the  paper  under  discussion.  On  the  contrary  the  speaker 
wishes  to  express  his  appreciation  of  the  clear  manner  in  which 
the  matter  has  been  presented,  and  of  the  value  of  the  paper 
to  a  practising  designer.  He  wishes  merely  to  make  a  plea  for 
simplicity  in  the  treatment  of  electric  phenomena  in  all  cases 
where  elaborations  do  not  contribute  to  the  accuracy  of  the  re- 
sults obtained. 

Bradley  McCormick:  Mr.  McAllister's  method  strikes  me 
as  being  very  good.  I  have  employed  the  same  method  in 
the  case  of  transformers,  and  find  it. works  admirably;  but 
just  why  I  use  this  method  instead  of  the  other  in  the  induction 
motor  I  can  explain  only  by  saying  that  it  has  become  a  matter 
of  custom.  A  designer  employs  one  method  in  preference 
to  another  largely  through  habit. 

C.  P.  Steinmetz:  I  do  not  quite  agree  with  the  conclusion 
that  such  a  considerable  difference  exists  between  the  three- 
phase  and  the  two-phase  induction  motor,  in  favor  of  the  three- 
phase  motor.  This  does  not  agree  with  my  experience,  theo- 
retical and  experimental.  The  exciting  volt-amperes  of  an  in- 
duction motor  at  constant  magnetic  density ;  that  is,  constant 
magnetic  flux  per  pole,  are  the  same  for  the  three-phase  as 
for  the  two-phase  motor,  and  are  slightly  lower  for  the  single- 
phase  induction  motor:  the  maximum  output  is  the  same  for 
the  three-phase  as  for  the  two-phase  motor,  and  for  the  single- 
phase  induction  motor  varies  between  about  35  and  45%  of 
the  maximum  output  of  the  same  motor  as  polyphase  induction 
motor.  In  other  words,  all  polyphase  induction  motors  have 
the  same  volt-ampere  excitation,  and  same  maximum  output, 
while  the  single-phase  induction  motor  at  the  same  magnetic 
density  has  a  slightly  lower  volt-ampere  excitation  and  less 
than  half  the  maximum  output.  The  excitation  of  the  single- 
phase  motor  is  slightly  lower,  because  one  of  the  components  of 
the  magnetic  flux  is  produced  by  transformation  through  the  rotor, 
and  therefore  is  lower  by  the  drop  of  voltage  in  the  transfor- 
mation from  the  impressed  energy  phase  of  the  stator  to  the 
magnetizing  phase  of  the  rotor. 

The  numerical  values  of  reduction  factors  are,  I  believe, 
merely  the  average  of  the  projections  of  tlie  different  coils  as 
displaced  in  position  from  each  other  upon  the  main  direction 
of  the  coil,  or  are  the  average  cosine  extending  over  an  arc  of  90 
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degrees  in  the  two-phase  motor  or  60  degrees  in  the  three-phase 
motor.  I  believe,  however,  that  when  the  author  speaks  of 
three-phase  winding,  he  refers  to  six-phase  winding.  The 
three-phase  winding,  which  he  refers  to,  is  a  winding  arranged 
so  that  each  phase  covers  an  arc  of  one-sixth  of  a  period,  or  one- 
. sixth  of  the  pitch  of  two  poles;  therefore  all  his  conclusions, 
while  they  apply  to  such  a  six-phase  winding,  whether  delta 
or  ring,  or  Y-  or  star-connected  do  not  apply  to  the  real  three- 
phase  winding,  where  each  phase  covers  an  arc  of  120®  electrically, 
as  used  in  synchronous  converters  and  such  machines.  The 
two-phase  winding  would  better  be  called  four-phase,  since 
it  covers  an  arc  of  90  degrees.  Otherwise,  however,  the  paper 
is  very  interesting,  in  giving  a  discussion  of  the  effect  of  arc  of 
distribution  of  the  winding,  as  varying  between  60  and  90 
degrees. 

R.  E.  Hellmund:  Mr.  Steinmetz  says  that  there  should  be 
hardly  any  difference  between  two-phase  and  three-phase  motors, 
but  it  is  a  fact  that  the  leakage  of  the  two-phase  motor  is  con- 
siderably higher  than  that  of  the  three-phase  motor;  and  there- 
fore it  is  natural  that  it  is  much  more  difficult  to  design  a 
good  two-phase  motor  than  a  good  three-phase  motor.  The 
reasons  for  the  difference  in  the  leakage  are  various,  but  it 
seems  to  me  that  one  of  the  main  reasons  is  the  following: 
the  leakage  consists  of  two  kinds,  one  leakage  going  around 
each  particular  phase,  and  one  leakage  which  is  going  to  all 
three  phases,  going  around  the  bunch  of  the  three  phases. 
Now,  in  the  three-phase  motors  this  given  leakage  is,  for  certain 
kinds  of  windings,  practically  zero,  {i.e.  the  chiefly  used  diamond 
winding)  since  the  vector  sum  of  the  three-phase  currents 
is  zero  and  that  of  the  two-phase  currents  is  a  certain  amount. 
I  have  made  a  series  of  tests  which  tend  to  show  that  this  is  one 
of  the  main  reasons  for  the  difference  in  the  leakages. 
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HEAT  TESTS  ON  ALTERNATORS 


BY  SEBASTIAAN  SENSTIUS. 


Every  electrical  factory  occasionally  produces  an  alternator 
of  a  size  that  does  not  admit  of  a  heat-test  under  normal  con- 
ditions of  operation,  unless  there  happens  to  be  another  alter- 
nator of  about  the  same  capacity  and  voltage  entering  the 
testing  floor  at  the  same  time. 

In  such  a  case  the  testing  engineer  has  to  resort  to  methods 
of  tests  which  require  a  supply  of  energy  approximately  equal 
to  the  losses  under  normal  operating  conditions.  Among  those 
generally  applied,  Mr.  B.  A.  Behrend's  apparently  is  the  simplest. 
It  merely  consists  in  short  circuiting  the  stator  winding  and 
in  opposing  one  half  of  the  field  winding  to  the  other,  each  half 
being  separately  excited.  The  separate  excitation  makes  it 
possible  to  limit  the  unbalanced  flux  to  an  amount  sufficient  to 
circulate  the  current  through  the  stator  winding.  Numerous 
tests  have  proved  that  vibrations  due  to  the  unbalanced  flux 
are  practically  harmless. t 

It  is  unfortunate  that  the  test  just  described  may  be  applied 
only  on  alternators  with  more  than  eight  poles,  eight  being  the 
lowest  limit.  And  since  modem  alternator  design  points 
towards  the  adoption  of  a  few  number  of  poles  (turbo-alternators) 
it  becomes  imperative  to  find  new  ways  of  testing  adapted  to 
these  cases. 

The  writer  presents  herewith  a  series  of  methods  developed 
by  him  as  substitutes  for  full-load  heat-tests;  they  are  all  based 
on  the  assumption  that  the  short-circuit  test  offers  the  data 
to  predetermine  in  a  sufficiently  accurate  way  the  regulation 
of  an  alternator,  and  also  its  normal  field  current  and  flux. 

tTrans.  Int.  El.  Congress,  St.  Louis,  1904,  page  528. 
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Referring  to  Fig.  1  and  Fig.  2: 

A.  Calculated  armature  reaction  in  terms  of  the  field  current. 

L.  Induction  drop,  assumed  to  be  constant  for  all  power-factors. 

R  Resistance  drop. 

V.  Terminal  voltage. 

E.  Induced  voltage. 

F.  Field  excitation  to  generate  E. 

Fa.  Actual  field  excitation  cos  ^  -  power-factor. 

Under  normal  running  conditions  the  temperature  rise  in 
the  field  coils  is  caused  by  the  field  current  Fa.  Barring  from 
consideration  the  increased  iron-loss  in  the  armature  teeth, 
caused  by  a  distortion  of  the  main  flux  by  the  transverse  am- 
pere-turns, we  may  say  that  the  iron-loss  under  normal  running 
conditions  equals  the  loss  produced  by  the  flux  excited  by  F  am- 
peres in  the  field  coils.  Now  with  most  of  the  methods  enu- 
merated hereinafter  to  obtain  normal  losses  in  the  stator  copper, 
there  will  be  no  armature  reaction  involving  an  excitation 
with  Fa  amperes  to  obtain  a  flux  corresponding  to  only  F  am- 
peres on  the  no-load  saturation  curve. 

Connection  of  the  Field  Coils:  To  overcome  this  difficulty 
the  author  has  devised  the  following  disposition  for  the  field 
coils,  Fig.  3. 

Field  coils  of  the  same  polarity  are  connected  in  series.  Two 
sets  of  field  coils  are  obtained  thereby.  Send  through  one 
set,  f.  i.  s.  s.,  the  normal  field  current  Fa,  through  the  other 
set,  2F-Fa  amperes.  The  average  excitation  corresponds  to 
{Fa  +  2 F-Fa):2  =  F  amperes,  producing  the  voltage  E.  The 
temperature  rise  is  to  be  taken  on  the  coils  traversed  by  Fa 
amperes. 

Now  it  is  a  question  whether  the  complication  of  the  field 
connections  is  justified  by  the  results  obtained.  The  author 
believes  that  the  temperature  rise  can  be  gotten  with  almost 
as  groat  accuracy  by  not  changing  the  field  connections,  by  send- 
ing F  amperes  through  the  coils,  and  multiplying  the  observed 


temperature  rise  by    (-ff-j 


Armature  Coil  Connections:  The  principle  of  the  tests  to  be  de- 
scribed consists  in  bringing  current  into  the  armature  winding 
through  two  points  between  which  no  induced  electromotive 
force  has  to  be  overcome.  This  suggests  the  use  of  either 
direct  or  alternating  currents  to  obtain  the  normal  heating 
in   the  stator  winding. 


1906] 


SENSTIUS:  ALTERNATORS 


313 


Three  kinds  of  windings  are  to  be  considered:  The  first  is 
represented  in  Fig.  4a,  a  single-phase  winding;  every  coil  con- 
sists of  turns  of  insulated  parallel  conductors,  the  ends  of  which 


r/a.j 


are  separately  connected  to  the  ends  of  parallel  conductors  of 
other  coils. 

It  is  a  question  whether  such  a  connection  has  ever  been  made, 
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on  account  of  the  high  cost  of  winding.  However,  its  applica- 
tion to  the  first  machine  of  a  new  size  is  justifiable,  provided 
such  machine  is  of  a  large   current  capacity  and  of  a  small 
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number  uf  armature  coiis.  To  reduce  the  self -induced  eddy -cur- 
rent losses,  the  heavy  conductors  of  machines  of  large  current 
capacity  are  subdivided  into  parallel  insulated  conductors. 
These,  connected  as  indicated  above,  yield  a  winding  which  en- 
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ables  us  to  make  a  heat-test  equivalent  to  a  full-load  test,  simply 
by  supplying  an  amount  of  energy  equal  to  the  full-load  copper 
losses  in  the  armature  winding.  The  full-load  current,  either 
direct  or  alternating,  enters  the  winding  at  the  terminal  a  and 
leaves  it  at  6.  Now,  since  in  each  coil  the  direction  of  the  cur- 
iCnt  in  one  conductor  is  opposed  to  that  in  the  other,  the  result- 
ant magnetizing  effect  of  the  armature  is  nil.  The  fields  being 
excited,  the  voltage  can  be  measured  between  a  or  6  and  c. 
Diagrammatically,  the  connection  is  represented  by  Fig.  4b, 
which,  suggesting  a  [/,  will  be  hereinafter  referred  to  as  the 
U-connection. 

The  next  winding  to  be  considered  is  the  double-layer  winding. 
Every  double-layer  winding  can  be  transformed  into  a  two-layer 
circuit  winding  (Fig.  5,  circuits  a-c  and  6-c)  by  opening  one 
connection  per  phase.  The  current  enters  at  a  and  leaves  at  b. 
The  voltage  is  measured  between  a  or  h  and  c.  Each  slot 
will  be  found  to  have  two  equal  volumes  of  current  going  in 
opposite  directions.  The  magnetizing  action  of  the  current  is 
nil,  and  thus  this  case  is  similar  to  that  of  Fig.  4a.  For  this 
reason  the  connection  may  also  be  referred  to  as  the  U-connec- 
tion. Whereas  on  the  one  winding  (Fig.  4a)  the  voltage  ap- 
plied on  the  terminals  a  and  b  is  about  the  same  for  direct  as 
for  alternating  current,  on  the  other  (Fig.  5)  the  direct-current 
voltage  differs  from  the  alternating-current  voltage.  We  readily 
see  that  the  resultant  self-induced  flux  practically  is  zero  in 
the  slots ;  but  it  has  its  full  value  on  the  end  connections  (Fig.  5) 
so  that  the  alternating-current  voltage  must  be  greater  than 
the  direct-current  voltage  for  the  same  current  intensity. 

The  third  winding,  a  single-layer  winding  with  turns  of  single 
conductors,  is  represented  on  Fig.  6.  By  loosening  one  con- 
nection per  phase,  this  winding  can  be  transformed  into  one 
shown  in  Fig.  7.  The  current  enters  the  winding  at  a  and 
leaves  it  at  h.  The  voltage  can  be  measured  between  either 
a  or  fe  and  c.  Diagrammatically,  the  connection  is  represented 
by  Fig.  7b,  and  will  be  referred  to  as  the  Z-connection.  It  is 
immaterial  whether  direct  or  alternating  current  is  employed; 
any  current  traversing  the  Z-conncction  produces  a  field  shown 
in  Fig.  8.  Now,  in  the  case  of  the  direct  current,  the  armature 
field  is  stationary  with  reference  to  the  stator  iron  and  causes 
an  alternate  weakening  and  strengthening  of  the  revolving  field 
poles.  These  fluctuations  generate  alternating  electromotive 
forces  in  the  field  coils,  and  they  might  cause  a  breakdown  of 
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the  field-coil  insulation.  The  armature  flux,  stationary  with 
respect  to  the  armature  iron,  alternately  faces  a  pole  face  and 
an  inter-polar  space;  that  is,  two  media  of  different  magnetic 
conductivity.     One  consequence  is  a  fluctuation  of  the  armature 
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flux,  and  a  generation  of  alternating  currents  of  double  the 
frequency  of  rotation,  short  circuited  on  the  commutator  of 
the  current-supplying  dynamo.  A  second  consequence  is  a 
fluctuation  in  the  driving  torque  of  the  revolving  field,  which 
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sets  up  vibrations  in  the  whole  structure.  A  third  consequence 
is  the  generation  of  rather  large  eddy  currents  in  the  whole  mag- 
netic circuit,  which  increase  the  temperature  rise  above  that 
of  the  alternator  operating  under  normal  conditions. 

The  originator  of  this  test,  Mr.  R.  Goldschmidt,*  maintains, 
however,  that  the  method  has  been  tried  with  success  on  the 
testing  floor  of  Messrs.  Kolben  &  Co.,  Prague,  Bohemia. 

Entirely  different  phenomena  are  obtained  by  the  use  (in  the 
Z-connection)  of  alternating  currents  of  the  frequency  of  rota- 
tion. The  flux  represented  in  Fig.  8  fluctuates  in  time-phase 
with  the  rotation  of  the  rotor-field  and  causes  a  weakening  of 
one  half  of  the  rotor  field  and  a  strengthening  of  the  other  half. 
By  sending  through  the  first  half  more  excitation  current  than 
through  the  second  half,  it  is  possible  absolutely  to  correct  the 
unbalanced  field. 

A  polyphase  armature,  the  phases  of  which  are  independently 
Z-connected,  and  independently  supplied  with  currents  from  a 
polyphase  source,  would  generate  a  revolving  flux  constant 
in  strength,  stationary  with  respect  to  the  rotor  field,  weakening 
one  half  of  the  latter  and  strengthening  the  other  half.  The 
field-weakening  stator  winding  is  a  generator  winding.  The 
field-strengthening  winding  is  a  synchronous-motor  winding. 
Because  the  ratio  of  resistance  to  the  inductance  of  the  wind- 
ings is  always  very  small,  the  current  supplied  will  be  in  quad- 
rature with  the  electromotive  force  of  the  source,  and  (p  being 
the  phase  difference  between  the  latter  and  the  alternator 
electromotive  force,  cos  (90-^)  is  the  power- factor  of  the  load 
of  the  generator  winding.  It  is  seen  that  any  load  with  any 
power-factor  can  be  secured  with  a  Z-connected  armature.  For 
^  =  0,  cos  (90-^)  =-  0,  and  the  source  of  supply  may  be  the 
generator  itself,  as  will  be  shown  farther  on. 

Reversing  the  functions  of  armature  and  field ;  that  is,  retain- 
ing the  connections  in  Fig.  6,  short  circuiting  the  stator  winding 
and  bucking  one  half  of  the  field  coils  against  the  other,  yields 
the  well  known  Behrcnd  split-field  test.  In  this  case  the  re- 
sultant field  remains  unbalanced  for  an  amount  equal  to  that 
necessary  to  generate  the  electromotive  force,  which  forces 
the  current  throuj^h  the  stator  winding.  With  a  Z-connected 
armature  winding,  and  a  pressure  applied  oh  its  terminals  a 
and  fc,  the  unbalance  in  the  excitation  current  equals  the  cur- 
rent  required    to    (n-crronic    the    armature    back-ampere-tums, 

♦See  E.  T.  Z.  Heft  34,  August  22,  '01. 
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and  it  remains  almost  constant  for  a  constant  power-factor 
and  for  all  voltages  between  a  or  6  and  c.  For  a  power-factor 
equal  to  one  the  imbalance  is  zero. 

With  a  split-field  test,  the  unbalanced  excitation  current 
equals  the  sum  of  the  currents  required  to  excite  the  unbalanced 
flux,  and  to  overcome  the  back-ampere-tums. 

The  great  simplicity  of  the  split-field  test  for  zero  power- 
factor  load,  due  to  the  absence  of  a  foreign  source  of  the  load, 
is  also  found  in  what  the  author  would  term  the  split-armature 
test.  Referring  to  Fig.  7a,  it  consists  in  paralleling  the  arma- 
ture coils  by  short  circuiting  a  6,  in  retaining  the  usual  field-coil 
connections,  and,  at  last,  in  an  unequal  excitation  of  two  halves 
of  the  rotor  field.  As  in  the  split-field  test,  an  unbalanced 
flux  is  required  to  circulate  the  current  through  the  stator  wind- 
ings. Also,  the  unbalanced  excitation  current  equals  the  sum 
of  currents  required  to  set  up  the  unbalanced  flux,  and  to  com- 
pensate for  the  back-ampere-tums.  It  differs  from  the  Mordey 
test  in  that  the  armature  is  split  into  halves.  Applied  on  gen- 
erators with  a  small  number  of  poles,  both  split-tests  have  the 
disadvantage  of  producing  on  the  generator  side  of  the  rotor 
field,  a  temperature  rise  greatly  in  excess  of  the  rise  under  normal 
operation. 

Loads  with  any  power-factor  may  be  obtained  with  a  split 
rotor-field  by  connecting  the  terminals  of  the  winding  in  Fig. 
6,  to  a  foreign  source  of  current,  the  electromotive  force  of  which 
has  a  definite  phase  relation  to  the  electromotive  force  generated 
in  the  alternator  under  test.  Any  unbalanced  flux  can  be  an- 
nulled, and  the  unbalanced  exciting  current  is  limited  to  that 
required  to  make  up  for  the  back-ampere-tums. 

As  regards  the  iron  losses,  it  is  obvious  that  the  split-armature 
test  gives  more  accurate  values  than  the  split-field  test,  the 
smaller  the  number  of  poles. 

Test  Connections. 

Figs.  9a  and  9b,  show  the  general  connections  of  a  U-connected 
single-phase  alternator  fed  at  equipotcntial  points  by  the  direct- 
current  dynamo  D.  On  Fig.  9b,  the  rotor  has  the  normal  con- 
nections to  the  exciter,  whereas  on  Fig.  9a  it  is  connected  ac- 
cording to  Fig.  3.  F  F  are  the  dynamos  and  exciter  fields; 
i?,  a  rheostat;  A,  an  ammeter;  and  F.  a  voltmeter. 

Figs.  10a,  I  Ob,  and  10c.  show  the  armature  connections  of  a 
two-phase  U-conncctcd  alternator  fed  by  a  direct-current  dy- 
namo D. 
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Figs.  11a,  lib,  and  lie,  show  the  eonnections  of  a  U-eonneeted 
J'wound  alternator. 
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Figs.   12a,   12b,  show  the  connections  of  a  U-connected  Y- 
wound  alternator. 

Next  follow  the  connections  to  sources  of  alternating  currents. 
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Fig.  13  represents  the  stator  winding  of  a  U-connected  single- 
phase  alternator,  which  derives  its  current  from  the  secondary. 
S,  of  a  transformer,  the  primary,  P,  of  which  is  branched  on 
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the   mains.     A  ^  an   alternating-current   ammeter   and    V   an 
alternating-current  voltmeter. 

In  Fig.  14,  the  primary  derives  its  power  from  the  stator  wind- 
ings working  in  parallel.     It  is  connected  to  the  points  1  and  2, 
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the  latter  being  a  tap  in  the  middle  of  the  secondary  S.    The 
magnitude  of  the  current  in  one  leg  on  the  U-winding  then  is 
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different  from  tliat  in  the  other,  and  the  temperature  rise  should 
be  observed  on  the  side  traversed  by  the  larger  current,  the 
side  indicated  by  the  insertion  of  the  ammeter  A, 
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Figs.  15  and  16  show  the  same  method  of  self-loading  applied 
to  a  two-phase  winding. 

Fig.  17  illustrates  the  self-loading  method  applied  to  a  single- 
phase  Z-connectcd  winding.  The  load  necessarily  is  of  zero 
power-factor,  unless  primary  resistances  are  inserted  in  circuit. 

Fig.  18  is  the  Behrend  split-field  test  at  zero  power-factor, 
with  its  simple  connections.  The  unbalanced  pull  can  be  an- 
nulled by  inserting  in  the  winding  circuit  the  secondary  of  a 
transformer,  the  primary  of  which  is  branched  on  terminals 
1  and  2. 
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Fig.  Hi  shows  the  Mordcy  split-armature  test  as  modified  by 
the  writer. 

Concluding  Remarks:  The  different  connections  for  a  heat- 
test  treated  above  can  be  divided  into  three  classes: 

1.  The  test  connections  whereby  no  armature  reaction  is 
produced,  represented  by  the  U-conncction.  Full-load  heat- 
tests  can  be  closely  imitated  on  machines  of  any  number  of 
poles,  having  the  double-layer  or  parallel  winding. 

2.  The    split-field    and    split-armature    test    connections    for 
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machines  with  a  large  number  of  poles  and  any  kind  of  winding, 
whereby  no  foreign  source  of  current  is  required,  thus  producing 
an  tmbalanced  ptdl  as  explained  above. 
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3.  The  split-tield  and  the  split-armature  test  connections  on 
machines  with  a  rather  large  number  of  poles,  whereby  a  foreign 
source  of  current  is  required,  thus  annulling  the  unbalanced 
pull  as  explained  above. 
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The  third  class  is  interesting  in  that  it  offers  the  means  to 
obtain  the  regulation  curve  of  the  alternator  on  any  power- 
factor,  and  accurately  to  separate  the  drop  due  to  self-induction 
in  the  armature  from  the  drop  due  to  back-ampere-tums.  It 
also  enables  us  to  determine  and  to  study  the  variation  of  the 
armature  self-induction  with  different  positions  of  the  armature 
flux  relatively  to  the  revolving  fields. 

Referring  to  Figs.  20  (split-armature)  and  21  (split-field), 
which  are  the  test  connections  spoken  of  above,  the  voltage 
across  the  secondary  5  is  always  equal  and  opposite  to  the 
impedance  voltage  of  the  stator  winding. 

It  may  be  in  any  phase  relation  to  the  generated  voltage, 
depending  upon  the  phase  difference  between  the  generator 
voltage  and  the  voltage  impressed  on  the  primary  of  the  feeding 
transformer. 

The  variation  of  armature  self-induction  (equal  to  the  sec- 
ondary voltage)  with  the  position  of  the  armature  flux  can  thus 
be  studied  by  keeping  the  current  constant,  and  varying  the  phase 
angles  between  the  alternator  and  the  transformer  voltage. 

The  voltage  measured  between  1  and  2  always  equals  the 
voltage  induced  in  both  the  generator  and  motor  windings. 

G,  being  the  generator  side,  the  voltage  across  (1-3)  is  the 
generator  terminal  voltage  and  that  across  (1-4)  the  motor 
terminal  voltage,  (1-3)  being  smaller  than  (1-4).  Whenever 
the  fields  are  balanced,  the  regulation  curve  is  obtained  by 
plotting  the  cur\'e  representing  the  voltage  (1-3)  as  a  function 
of  the  generator  field-current. 

The  author  does  not  believe  it  necessary  to  explain  in  detail 
how  the  test  connections  for  polyphase  alternators  are  made. 
It  is  sufficient  to  say  that  a  polyphase  source  has  to  feed  the 
stator  winding. 


Appendix. 

Since  writing  this  article  my  attention  has  l)een  called  to  a 
series  of  test  connections  in  chapter  VIII  of  "Alternating  Cur- 
rents and  Alternating  Current  Machinery"  by  D.  C.  and  J.  P. 
Jackson,  which  contains  a  resume  of  a  paper  on  "Testing  and 
Working  Alternators  *'  read  by  W.  Mordey  and  discussed  by 
Prof.  Ayrton.* 

The  authors'  conclusions  are: 

♦Journal  Inst.  E.  E.,  Vol.  22,  pp.  IIC  and   136. 
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1.  The  split-armature  connection  for  heat  tests  (Fig.  19)  is 
disclosed  in  Mr.  Mordey's  paper. 

2.  The  split-field  connection  for  heat  tests  (Fig.  18)  was 
proposed  by  Prof.  Ayrton  in  the  course  of  his  discussion. 

3.  The  method  of  obtaining  the  regulation  for  zero  power- 
factor  load  by  means  of  a  split-field  connection  (Fig.  18) »  was 
devised  by  Mr.  Behrend. 
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Discussion  ok  **  Heat-Tests  on  Alternators  "at 
Milwaukee,  Wis.,  May  28,  190G. 

C.  P.  Steinmetz:  This  paper  is  very  interesting,  as  it  deals 
with  a  problem  of  machine  testing  and  manufacture  that  is 
becoming  more  and  more  serious,  and  will  probably  in  the 
future  be  a  proper  subject  of  investigation  by  our  standardizing 
committee.  The  investigation  and  measurement  of  the  tem- 
perature-rise of  a  machine  under  load  have  been  made  by  load- 
mg  the  machine  to  full  load,  and  then  running  it  a  sufficiently 
long  time  to  reach  stationary  temperature.  The  size  and  num- 
ber of  machines  has  increased  so  fast  that  even  by  relegating 
these  heat-tests  to  the  night  time,  when  not  much  power  is  used 
for  operating  the  factory,  the  amount  of  power  required  to 
make  the  tests  exceeds  that  available.  With  the  development 
of  hugh  alternators  in  the  last  few  years,  the  amount  of  power 
required  by  a  single  alternator  has  risen  beyond  the  available 
power  of  most  manufacturing  plants;  it  is  not  very  uncommon 
now  to  find  two  or  three  alternators  in  a  factory,  of  sizes  vary- 
ing from  5  000  to  8  000  kw.,  waiting  to  be  tested.  With 
such  hugh  machines,  the  time  required  to  reach  stationary 
temperature  is  from  20  to  24  hours,  or  more.  Few  facilities 
are  available  now  really  to  make  a  full-load  heat-test  of  these 
machines;  therefore  it  has  become  necessary  to  determine  the 
heating  at  full  load  without  being  required  to  put  full  load  on 
the  machine. 

A  number  of  methods  have  been  produced  and  recommended, 
none  of  them  being  really  quite  satisfactory.  The  split-field 
method,  the  split-armature  method,  and  the  method  so  ably 
discussed  in  the  paper — all  are  steps  in  this  direction.  A  simple 
compromise  method  has  been  used  for  a  number  of  years. 
This  consists  in  making  a  no-load  open-circuit  test,  and  a  no- 
load  short-circuit  test ;  that  is,  running  the  machine  at  open 
circuit  at  over  normal  voltage  a  certain  length  of  time,  whereby 
the  core  losses  and  no-load  losses  are  more  than  normal;  and 
then  running  the  machine  at  short-circuit  on  overload  current 
for  a  certain  number  of  hours,  whereby  the  load  losses  are  more 
than  normal,  and  from  the  heating  observed  under  these  two 
conditions,  estimate  the  actual  rise  of  temperature  at  full  load. 
These  tests  are  very  satisfactory  as  check  tests;  that  is,  to  de- 
termine whether  the  rise  of  temperature  of  the  machine  is  what 
it  was  expected  to  be.  But  they  really  beg  the  question;  be- 
cause they  do  not  show  how  much  overload  in  voltage  and 
overload  in  current  is  required  to  represent  full  load  in  both 
applied  simultaneously.  This  means  that  a  machine  must 
be  tested  first  at  regular  full  load,  observing  the  temperature 
rise;  and  then  by  experiment  find  out  how  much  excCvSs  voltage, 
how  much  excess  current,  successively  applied,  give  the  same 
rise  of  temperature.  Then  by  exercising  judgment  all  the 
other  machines  of  the  same*  size,  type,  and  character  can  be 
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tested  by  comparing  the  open-circuit  and  the  short-circiiit 
tests.  But  the  first  machine  must  still  be  tested  at  full  load, 
and  that  is  not  feasible ;  it  is  one  of  the  difficulties  met  with  in 
attempting  to  make  full-load  tests  with  large  machines. 

The  other  difficulty  is  that  even  if  there  were  unlimited  power 
at  ones  disposal,  if  one  were  able  to  run  a  5  000-  or  8  000-kw. 
alternator  in  the  factory  at  full  load  for  24  to  36  hours,  the  full- 
load  temperature  rise  would  not  be  got,  because  so  long  a  time  has 
elapsed  before  the  machine  temperature  has  become  constant, 
that  it  is  practically  impossible  to  maintain  constant  air  tem- 
perature ;  and  the  variation  of  air  temperature  must  be  reckoned 
with.  If  the  air  temperature  changes  during  the  test,  it  is 
not  right  to  call  the  temperature  rise  the  difference  between 
the  machine  temperature  and  the  air  temperature  at  the  moment 
of  shutting  down;  nor  is  it  right  to  compare  it  with  the  air 
temperature  in  starting  up,  nor  with  any  intermediate  temper- 
ature. The  problem  is  not  merely  to  be  able  to  run  the  machine 
at  constant  full  load  for  a  considerable  time,  but  to  keep  the 
air  temperature  in  a  room  large  enough  to  accommodate  a 
5  000-  or  8  000-kw.  alternator  constant  within  a  degree  or 
two  during  the  whole  length  of  time.  The  problem  is  so  for- 
midable that  the  solution  is  rather  difficult.  Theoretically 
one  may  say  it  could  be  done  by  running  the  machine  at  full 
load  for  some  weeks,  and  recording  continuously  by  registering 
instruments  the  temperature  of  all  parts  of  the  machine  and 
of  the  air;  then,  after  discarding  the  records  of  the  first  24  or  48 
hours,  compare  the  average  temperature  of  the  machine  with 
the  average  temperature  of  the  air,  averaging  over  a  consider- 
able period  so  as  to  offset  the  daily  fluctuations  of  temperature. 
This  method  is  not  practicable  in  the  factory. 

Hence  it  is  a  very  difficult  problem  to  determine  the  tem- 
perature rise  of  a  very  large  machine  under  full  load  and 
service  conditions.  Even  if  by  some  compromise  we  should  be 
able  to  run  the  machine  without  power  expenditure  with  such 
internal  losses  as  would  represent  the  full-load  losses — still 
the  other  problem  would  have  to  be  solved,  to  correct  for  the 
variations  of  the  air  temperature.  Not  only  must  the  load 
on  the  machine  be  kept  constant,  but  constant,  too,  must  be 
kept  the  air  temperature  of  the  surrounding  space;  this  is 
almost  impossible 
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DIRECT-CURRENT  MOTOR  DESIGN  AS  INFL  UENCED  BY 
THE  USE  OF  THE  INTER-POLE. 


BY  C.  H.  BEDELL. 


The  advent  of  the  inter-pole  is  due  to  the  demand  for  motors 
which  operate  tmder  conditions  so  severe  that  perfect  results 
can  not  be  obtained  with  those  of  the  standard  design.  The 
machine-tool  builders  quickly  saw  the  advantages  of  the  in- 
dividual motor  drive,  largely  on  account  of  the  possibility  of 
obtaining  speed  variations,  but  the  33%  increase  in  speed 
which  the  standard  constant-speed  motor  would  allow  was  not 
sufficient  for  their  requirements.  As  it  seemed  evident  that  the 
motor  builders  could  furnish  motors  of  special  design  that  would 
satisfy  almost  any  demand  they  might  make  in  the  way  of 
speed  changes,  the  tool  builders  have  adapted  their  machines 
to  this  form  of  drive,  and  call  for  motors  that  will  operate  at 
from  100%  to  500%  above  minimum  speed. 

The  design  referred  to  as  "  standard  "  is  that  of  the  usual 
type,  having  no  series  winding  to  control  the  field  distribution. 
In  designing  motors  along  standard  lines  to  fill  such  speed  speci- 
fications, the  greatest  difficulty  is  to  overcome  the  sparking 
tendency.  As  the  minimum  speed  is  very  low,  the  armature 
must  have  a  large  number  of  turns.  It  therefore  follows  that 
the  self-induction  of  each  armature  coil  is  quite  high,  so  high 
that  the  qualities  of  the  carbon  brush  are  not  sufficient  to 
prevent  sparking  as  the  short-circuited  coil  passes  out  from 
under  the  brush.  No  assistance  can  be  obtained  from  the 
fringe  of  the  main  field  at  the  high  speed,  for  the  field  is  then 
so  weakened  that  the  armature  reaction  reduces  the  fringe  ap- 
proximately to  zero. 

The  attempt  has  been  made  to  modify  the  proportions  of  the 

329 


330 


BEDELL:  INTER^FOLE  MOTOR, 


[May  28 


motor  so  as  to  reduce  this  sparking  tendency ;  that  is,  by  making 
the  armature  very  weak,  and  the  field  very  strong.  Such 
chaages,  however,  are  only  a  help;  they  do  not  cure  the  trouble, 
and  in  addition  the  machine  is  very  large  for  its  output.  Even 
with  such  changes  in  the  proportions  of  the  machine,  the  quali- 
ties of  the  carbon  brush  are  depended  upon  to  control  the 
sparking.  That  no  fringe  is  available  to  assist  in  this  control, 
is  shown  in  Fig.  1.  The  two  curves  there  shown  were  made 
from  readings  taken  by  means  of  exploring  brushes  around  the 
commutator   of    a    commercial    machine    of    standard    design. 
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Fig.  J. — Field  distribution  curves  of  3-h.p.  1*75-111)0  rev.  jxir  min. 
motor  of  standard  design.      Curves  taken  at  high  sjx?cd. 


having  a  weak  armature  and'  powerful  field  at  minimum  speed, 
with  an  air-gap  of  good  size.  Both  curves  were  taken  with 
the  armature  running  at  liigh  speed,  the  one  with  sohd  line 
being  the  no-load  cur\'e  ant.  that  with  the  broken  line  being 
the  .full-load  curve.  Even  at  no  load,  considerable  armature 
reaction  is  shown,  due  to  the  fact  that  the  field  is  so  extremely 
weak.  The  full-load  curve  shows  the  heavy  armature  reaction 
of  this  type  of  machine,  a  reaction  in  itself  not  objectionable 
except  as  it  influences  the  sparking  condition.  This  full-load 
curve  illustrates  the  point  mentioned  above,  that  at  high  speeds 
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no  assistance  can  be  had  from  the  fringe  of  the  main  field  it 
the  control  of  the  sparking.  At  the  point  A  the  curve  crosses 
the  zero  line.  This  point  is  under  the  pole  comer,  and  shows 
that  here  the  main  field  is  just  balanced  by  the  ampere-turns 
on  the  armature;  that  is,  by  the  armature  field.  It  follows 
therefore  that  no  amount  of  shifting  of  the  brushes  will  help 
the  commutation,  for  by  moving  the  brushes  back,  this  point  A 
will  also  move  back.  The  presence  of  the  armature  field  is 
shown  by  the  line  to  the  right  of  the  point  A  being  below  the 
zero  line.  At  the  brush  position  the  distance  between  these 
two  lines  is  considerable,  and  illustrates  the  intensity  of  the 
armature  field. 

It  is  thus  shown  that  not  only  has  the  short-circuited  coil 
no  fringe  from  the  main  field  to  assist  the  reversal  of  the  current, 
but  it  is  cutting  the  lines  of  force  of  the  armature  field  in  the 
direction  to  maintain  the  current  in  the  coil.  The  result  is  that 
there  is  a  sudden  change  in  tlie  current  strength  as  the  coil 
passes  out  from  under  the  brush,  resulting  in  continuous  spark- 
ing. At  speeds  below  the  maximum  the  fringe  of  the  main 
field  may  be  used  to  assist  in  the  commutation,  but  with  a 
given  setting  of  the  brushes,  correct  conditions  can  be  obtained 
for  one  load  only,  as  on  light  loads  the  fringe  is  too  powerful, 
and  on  heavy  loads  the  fringe  is  too  weak.  The  motor  when 
thus  used  is  not  reversible. 

To  obtain  perfect  commutation,  a  variable-speed  motor 
should  be  free  from  all  these  defects;  that  is,  it  should  be  so 
constructed  that  a  heavy  commutating  field  is  provided  to  assist 
in  the  reversal  of  the  current  in  the  short-circuited  coil,  and  that 
this  field  should  vary  with  the  load.  It  follows  therefore  that 
the  commutating  field  must  be  independent  of  the  main  field. 

Having  in  mind  the  weak  points  of  the  standard  motors, 
when  applied  to  variable  speed  work,  the  inter-pole  motor  was 
designed,  with  results  so  satisfactory  both  as  regards  sparking 
and  on  account  of  the  reduction  in  size  made  possible,  that  the 
motor  is  not  only  used  for  variable-speed  work,  but  also  for 
constant-speed  conditions. 

As  it  is  necessary  that  the  commutating  field  be  independent 
of  the  main  pole,  small  auxiliary  poles  called  inter-poles  are  used, 
placed  midway  between  the  main  poles,  with  pole  faces  covering 
the  region  of  commutation.  In  order  that  the  proper  commu- 
tating field  may  be  obtained  that  would  vary  with  the  load, 
the  inter-poles  are  wound  with  the  necessary  number  of  turns 
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and  connected  in  series  with  the  armature.  Thus  when  the 
load  on  the  armature  is  heavy,  the  ampere-tums  on  the  inter- 
poles  are  large,  resulting  in  a  powerful  commutating  field;  and 
when  the  armature  load  is  light,  the  excitation  of  the  inter- 
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poles  is  light,  resulting  in  a  weak  commutating  field.  That 
is,  by  this  construction  a  heavy  commutating  field  is  provided 
when  required,  independent  of  the  main  field  strength,  and  this 
commutating  field  varies  with  the  load  until  the  saturation 
point  of  the  core  of  the  inter-pole  is  reached.     In  the  actual 
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motor  this  saturation  point  is  at  about  100%  overload,  well 
beyond  the  point  of  proper  operation  of  the  motor.  This  is 
shown  by  the  curve  illustrated  in  Fig.  2.  The  readings  for  this 
curve  were  made  with  a  ballistic  galvanometer  and  exploring 
coil.  The  motor  was  a  5  h.p.  220-volt,  20-ampere  machine. 
In  making  the  test,  the  armature  was  clamped  so  that  it  could 
not  turn  with  brushes  placed  in  their  proper  commutating 
position  and  current  was  sent  through  the  armature  and  inter- 
pole  coils.  No  current  was  used  in  the  shunt  coils.  The  ex- 
ploring coil  consisted  of  a  few  turns  of  fine  wire,  placed  between 
two  sheets  of  mica.  In  taking  a  reading  the  exploring  coil 
was  placed  in  the  air-gap  between  the  inter-pole  and  the  arma- 
ture, current  was  thrown  on  the  armature  and  inter-pole  coils, 
and  then  by  a  quick  movement  the  exploring  coil  was  with- 
drawn, thus  producing  a  kick  in  the  galvanometer.  Successive 
readings  were  taken  at  different  current  strengths,  and  the 
results  plotted  as  shown. 

The  general  arrangement  of  the  different  poles  is  shown  in 
Fig.  3. 

In  the  case  of  the  standard  motor,  where  the  fringe  of  the 
main  pole  is  made  use  of  for  commutating  purposes,  the  brushes 
have  to  be  shifted  if  the  direction  of  rotation  is  to  be  changed. 
Where  the  inter-poles  are  used,  the  commutation  takes  place 
under  the  middle  of  the  inter-pole  face,  that  is,  on  the  neutral 
line.  As  the  winding  of  the  inter-pole  is  permanently  con- 
nected in  scries  with  the  armature,  the  reversal  of  the  current 
in  that  circuit  necessary  to  change  the  direction  of  rotation, 
reverses  the  polarity  of  the  inter-poles,  thus  giving  the  necessary 
change  in  the  polarity  of  the  commutating  field  without  any 
shifting  of  the  brushes.  The  motor  is  therefore  perfectly  re- 
versible. The  ampere-turns  on  the  inter-poles  are  considerably 
greater  in  numVjer  than  those  on  the  armature,  since  not  only 
is  it  necessary  to  neutralize  the  armature  fields,  but  also  a  field 
must  be  produced  for  commutating  purposes.  It  will  thus  be 
seen  that  no  matter  in  which  direction  the  current  may  flow, 
the  inter-poles  are  alv/ays  more  powerful  than  the  armature, 
and  the  commutating  field  is  always  in  the  right  direction,  and 
of  the  proper  strength.  The  machine  may  therefore  be  operated 
as  a  motor  with  rotation  in  either  direction,  or  as  a  generator, 
without  shifting  of  the  brushes,  or  change  in  the  connection  be- 
tween the  armature  and  inter-pole  coils. 

It  may  be  thought  that  as  we  are  not  dealing  with  a  straight 
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line  in  the  saturation  curve  of  the  inter-polc,  that  the  commu- 
tating  field  would  not  be  sufficiently  close  to  being  proportional 
to  the  load  on  the  armature.  Fortunately  the  qualities  of  the 
carbon  brush  allow  of  quite  a  wide  variation  from  exact  pro- 
portionality, and  the  motors  operate  at  maximimi  speed  without 
sparking  with  any  load  up  to  the  saturation  pjint  of  the  inter- 
poles. 


Fig.  3. — General  arrangement  of  poles  of  inter-pole  motor. 


The  question  may  be  asked  whether  the  same  excitation  is 
required  on  the  inter-poles  for  a  given  load,  for  both  high  and 
low  speeds.  Experiment  has  proved  conclusively  that  if  the 
excitation  of  the  inter-poles  is  correct  for  high  speeds,  it  is  also 
correct  for  all  lower  speeds.  Although  the  same  number  of 
lines  of  force  are  sent  into  the  armature  from  an  inter-pole 
for  a  given  load,  irrespective  of  the  rate  of  rotation,  yet  the 
electromotive  force  generated  in  the  short-circuited  coil  is  pro- 
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portional  to  the  rate  of  rotation.  Thus  a  high  electromotive 
force  is  provided  for  the  very  quick  reversal  of  the  current  at 
high  speed,  and  a  much  lower  electromotive  force  is  provided 
for  the  slower  reversal  at  the  low  speed. 

As  a  general  illustration  of  the  reactions  which  take  place 
in  the  field  distribution  of  a  motor,  both  without  and  with 
inter-poles,  the  sketches  Figs.  4,  5,  6,  and  7,  are  given.  Fig.  4 
represents  the  field  distribution  of  a  constant-speed  motor 
running  under  no  load,  having  a  uniform  field  distribution 
over  the  pole  face.  When  load  is  thrown  on  the  armature, 
the  reaction  weakens  the  field  under  one  pole  comer,  and  strength- 
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Fig.  5. 


Fic.  ().  Fig.  7. 

Sketches  illustrating  field  distribution  under  different  conditions. 


ens  it  under  the  other  corner.  Also  an  armature  field  is  pro- 
duced in  the  space  between  the  main  poles.  These  effects  are 
illustrated  in  Fi^^  5.  If  now  the  main  field  is  weakened  to 
produce  higher  speeds,  the  armature  reaction  under  the  same 
load  is  greater,  weakenin.i(  one  pole  corner  so  that  the  field  may 
be  reduced  to  zero,  as  illustrated  in  Fig.  (').  It  is  evident  that 
under  such  conditions  the  shifting  of  the  brushes  back  will 
not  help  the  commutation,  as  there  is  no  field  under  the  pole 
comer  to  help  reverse  the  current  in  the  short-circuited  coil. 
The  operation  of  the  motor  when  fitted  with  inter-poles  is  illus- 
trated in  Fig.  7.     The  current  from  the  line  to  the  armature 
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passes  through  the  coils  on  the  inter-poles.  As  these  coils  have 
more  turns  than  the  armature,  they  overpower  the  armature 
field  and  produce  the  proper  field  for  commutation, — powerful 
or  weak,  in  proportion  to  the  load  on  the  armature.  This  com- 
mutating  field  being  independent  of  the  main  field,  can  be 
made  to  control  the  sparking  tendency,  no  matter  how  ex- 
treme the  reaction  may  be  over  the  main  pole  face. 

In  order  to  show  the  exact  field  distribution  of  an  inter-pole 
motor,  readings  were  taken  by  means  of  exploring  brushes  and 
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a  voltmeter  around  the  commutator  of  a  5  h.p.  275-1  100  rev. 
per  min.  motor  both  at  low  and  hi;^h  speeds.  The  low-speed 
curves  are  shown  in  Fig.  S  and  those  for  high  speed  in  Fig.  9. 
In  each  case  the  solid  line  is  the  no  load  curve,  and  the  broken 
line  the  full-load  curve.  The  positions  of  the  main  and  inter- 
poles,  also  the  brushes,  are  shown  by  the  shaded  portions. 
In  the  test  at  low  speed,  very  little  armature  reaction  is  shown. 
At  high  speed  the  reaction  is  very  heavy,  so  much  so  that  the 
polarity  of  the  weakened  pole  corner  is  not  only  reduced  to 
zero,  but  is  reversed  to  quite  an  extent.     The  curve  however 
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is  brought  back  to  the  proper  side  of  the  zero  line  by  the  inter- 
pole,  and  sufficient  field  is  shown  to  give  proper  commutation. 
In  tests  of  this  kind  the  voltmeter  readings  are  proportional  to 
the  intensity  of  the  field  in  the  portion  tmder  test,  except  in 
the  immediate  neighborhood  of  the  brush.  The  electromotive 
force  of  self  induction  of  the  short-circuited  coil  due  to  the 
current  being  reversed  in  the  coil  at  that  point,  prevents  the 
apparent  voltage  as  given  by  the  exploring  brushes  from  being 
proportional    to    the   magnetic    field.     The    two    electromotive 
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forces  thus  generated,  oppose  each  other  and  as  a  result  there 
is  a  depression  in  the  curve  at  that  point.  It  is  probable  the 
field  is  praelically  uniform  over  the  inter-pole  face. 

When  the  fringe  of  the  main  field  is  used  for  eommutating 
purposes,  it  is  necessary  to  bevel  ofl  the  edge  of  the  pole,  so 
that  the  fringe  shall  be  suiriciently  wide.  In  cases  where  the 
teeth  of  the  armature  are  wide,  it  is  necessary  to  make  the 
bevel  of  the  edge  of  the  pole  quite  wide.  This  robs  the  pole 
of  valual)le  area,  tending  to  increase  tlie  speed  of  the  motor. 
With  the  intcr-pole  construction,   as  the  fringe  of  the  main 
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field  is  not  used  for  commutating  purposes,  the  beveling  or 
skewing  of  the  edge  of  the  pole  may  be  much  narrower,  and 
therefore  the  effective  pole  area  is  larger.  If  it  were  not  for 
the  humming  of  the  armature  teeth,  the  main  pole  could  be 
rectilinear,  and  without  bevel.  If  a  skew  form  is  used,  it  should 
amount  to  about  one  tooth  and  slot  of  the  armature,  this  being 
sufficient  to  dampen  all  tendency  to  vibration  of  the  teeth. 

The  inter-pole  produces  a  much  better  form  of  commutating 
field  than  can  be  obtained  from  the  fringe  of  the  main  field, 
even  on  constant  speed  motors,  unless  an  extremely  wide  bevel 
is  used.  This  is  due  to  the  fact  that  the  inter-pole  may  be 
made  much  wider  than  the  bevel  of  the  main  pole,  thus  fur- 
nishing a  broad  uniform  field,  well  suited  to  commutating 
conditions.  The  current  is  therefore  quite  uniformly  distributed 
over  the  brush  face,  and  none  of  the  difficulties  such  as  pitting 
or  incandescent  positions  of  the  brush,  due  to  too  narrow  a 
commutating  fringe,  are  experienced. 

In  the  designing  of  machines  along  the  old  lines,  some  of  the 
dimensions  arc  limited  by  the  sparking  condition.  For  ex- 
ample, it  will  not  do  to  put  more  than  a  certain  number  of 
ampere-turns  per  inch  of  periphery  on  the  armature,  as  a  larger 
number  produces  too  great  armature  reaction.  Similarly  it 
will  not  answer  to  have  too  small  an  air-gap  for  the  same  reason. 
With  the  intcr-pole  construction  these  conditions  do  not  per- 
tain, for  no  matter  what  the  armature  reaction  may  be  over 
the  face  of  the  main  pole,  the  intcr-pole  always  gives  the  proper 
field  for  commutation.  It  follows  therefore  that  radical  changes 
in  proportions  may  be  made,  materially  reducing  the  size  of  the 
machine. 

The  change  in  the  relative  amount  of  iron  and  copper  in  the 
armature,  makes  quite  a  change  in  the  form  of  the  efficiency 
curve.  As  the  amount  of  iron  is  less,  the  hysteresis  and  eddy 
current  losses  are  less.  The  increased  amount  of  copper  makes 
P  R  armature  loss  greater.  The  full  load  efficiency  is  practically 
the  same  as  in  the  standard  motor,  but  on  light  loads  the  effi- 
ciency is  increased.  The  motors  therefore  show  a  much  better 
efficiency  under  varying  load  approaching  the  condition  of  the 
all  day  efficiency  of  the  transformer. 

In  this  paper  the  subject  has  been  treated  in  connection  with 
motor  design,  but  the  advantages  of  the  inter-pole  pertain 
equally  well  to  generator  conditions.  By  the  use  of  the  inter- 
pole  the  following  advantages  are  obtained: 
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A  powerful  commutating  field  is  provided  to  assist  the  carbon 
in  resisting  the  sparking  tendency,  and  this  field  is  independent 
of  the  main  field. 

The  intensity  of  the  commutating  field  is  proportional  to 
the  load  on  the  armature 

The  brushes  are  placed  on  the  neutral  line,  and  in  conse- 
quence the  machine  is  perfectly  reversible,  and  may  operate 
either  as  a  motor  or  dynamo,  without  shifting  the  brushes  or 
changing  any  of  the  connections. 

A  large  number  of  ampere  turns  per  inch  of  periphery  is  per- 
missible, also  small  air  gaps,  resulting  in  a  large  output  for  the 
material  used. 

The  form  of  the  efficiency  curve  is  better  suited  to  the  average 
load. 
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Discussion  on  "  Direct-Current  Motor  Design  as  Influ- 
enced    BY    the    Inter-pole,"    at     Milwaukee, 
Wis..    May  28.    1906. 

H.  F.  T.  Erben:  About  fourteen  or  fifteen  years  ago  I  was 
interested  in  trying  the  effect  of  commutating  the  poles  of  a 
600-kw.  machine.  The  results  were  not  satisfactory.  In  look- 
ing over  the  old  data,  I  see  now  how  close  we  came  to  attaining 
success :  the  pole  was  properly  proportioned,  but  we  did  not  provide 
a  sufficiently  large  magnetizing  force  for  the  commutating  field. 
Wethen  turned  our  attention  to  other  matters,  and  did  not  renew 
our  experiments  on  this  kind  of  motor  until  two  or  three  years 
ago,  when  the  need  of  motors  for  machine-tool  work,  and  gener- 
ators for  direct  connection  to  high-speed  steam-turbines,  made 
it  necessary  to  take  up  again  the  developing  of  the  commutating- 
pole  machine. 

Our  experience  during  the  last  two  years  in  developing  ma- 
chines of  all  sizes,  even  as  large  as  2000  kw.,  has  proved  the 
value  of  the  commutating-pole  machine  to  all  designers  of  com- 
mutating apparatus.  We  have  considered  carefully  the  shape 
of  pole,  length  of  air-gap,  magnetizing  force,  and  so  forth.  About 
eighteen  months  ago  we  attempted  to  take  the  curves  of  a  small 
experimental  machine  by  the  method  outlined  by  Mr.  Bedell; 
we  got  a  satisfactory  curve  at  the  portion  between  the  brushes, 
but  at  the  point  where  we  wished  to  determine  the  magnetic 
distribution  the  curve  was  obliterated,  due  to  the  coils  being 
short-circuited  by  the  brushes.  We  wound  on  an  experimental 
coil  which  bad  the  same  pitch  as  the  armature  coils;  we  then 
connected  it  to  the  two  collector  rings  and  to  the  oscillograph. 

The  possibility  of  the  curve  being  flat,  as  mentioned  by  Mr. 
Bedell,  is  realized  in  certain  cases.  The  curve  is  flat,  or  nearly 
so,  except  when  the  machine  is  operated  with  a  very  weak  field; 
then  it  becomes  shghtly  tilted;  but  there  is  no  dip  in  it,  as  some 
suppose.  We  have  found  that  the  flux  as  plotted  by  the  oscillo- 
graph curves  is  practically  proportional  to  the  load  on  the 
machine. 

A  description  of  a  generator  recently  built  by  the  Siemens 
Company  in  England  says  that  the  generator  has  a  separate 
and  distinct  structure  for  the  commutating  circuit;  tluit  is,  the 
main  magnetic  yoke  is  not  depended  on  for  carrying  the  flux. 

On  high-speed  generators  fitted  with  commutating  poles  and 
direct -connected  to  a  steam-turbine  running  at  from  1800  to 
2000  rev.  per  min.^  we  find  the  commutation  excellent  and  the 
regulation  very  fine.  One  machine,  a  2000-kw.  direct -current 
generator,  direct-connected  to  a  steam-turbine,  running  at  75C 
rev.  permin.,  is  practically  flat-compounded  without  a  series 
field;  it  is  done  by  giving  the  brushes  a  slight  shift  backward. 

To  show  the  close  regulation  obtained  on  a  50-kw.  machint 
with  the  brushes  directly  on  the  neutral  point,  I  would  say  that 
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the  pressiire  between  no  load  and  full  load  varied  practically 
from  510  to  500;  with  exactly  the  same  position  of  brush  and  a 
weakened  field,  the  drop  in  voltage  was  from  400  to  384.  By 
giving  the  brushes  a  slightly  backward  shift  the  machine  would 
over-compound  10%  before  the  limit  of  sparking  was  reached; 
in  other  words,  the  machine  had  a  wide  range  of  commuta- 
tion. 

I  have  also  found  that  commutating  poles  are  entirely  satis- 
factory on  machines  of  large  ampere  capacity.  On  some  7000- 
ampere  machines  recently  built,  with  a  range  of  voltage  of  from 
60  to  140,  the  load  was  carried  throughout  the  whole  range  with- 
out a  sign  of  sparking. 

Will  Mr.  Bedell  please  say  what  proportion  he  found  on  motors 
between  the  armature  reaction  from  brush  to  brush  as  compared 
with  the  magnetization  of  the  poles  .'^ 

C.  H.  Bedell:  The  proportion  of  the  turns  on  the  armature 
of  the  pole  were  largely  air-gap,  not  the  U-pole ;  but  as  a  general 
thing  on  machines  from  one  to  fifty  horse  power,  variable-speed 
motors.  4  to  1,  the  increase  in  ampere-turns  on  the  inter-pole 
was  abou  30%. 

H.  F.  T.  Erben:  That  agrees  with  my  experience  and  the 
experience  of  French  and  German  builders.  They  have  found 
that  it  is  not  possible  to  use  a  small  air-gap  on  a  large 
machine;  doing  so  produces  anstable  results  and  a  certain 
amount  of  sparking.  With  the  proper  air-gap  for  commutation, 
the  ratio  is  1 . 2  to  1 .  35. 

I  have  seen  in  a  number  of  German  papers  and  other  foreign 
publications,  poles  of  odd  shapes,  some  tilted  one  way,  some 
another;  some  with  a  triangular  cross-section;  and  others  had 
holes  drilled  in  one  edge.  We  tried  these  schemes  but  could  not 
obtain  any  improvement  in  the  commutation. 

W.  L.  Waters:  The  introduction  of  auxiliary  commutating 
poles  in  direct -current  machines  was  first  proposed  about  15 
years  ago;  but  no  use  was  made  of  this  method  of  assist- 
ing commutation  until  quite  recently,  the  reason  being  that  the 
commercial  requirements  of  direct-current  designing  did  not 
require  any  auxiliary  aids  to  commutation.  The  direct -current 
machines  that  were  built  10  years  ago  were  built  economically 
and  made  to  operate  satisfactorily  without  auxiliary  poles. 
There  was  no  market  for  the  auxiliary-pole  machine  until  the 
demand  arose  for  variable-speed  motors  and  high-speed  gene- 
rators. 

The  demand  for  a  direct -current  motor  capal)le  of  considerable 
speed  variation  practically  originated  with  the  multiple-voltage 
system.  This  system  demonstrated  that  there  was  a  good 
market  for  individual  motors  for  driving  machine  to(ils.  Although 
it  has  not  yet  been  decided  whether  the  individual  motor  drive 
is  the  most  economical  system  fcjr  a  machine  shop,  a  demand 
has  arisen  for  shunt-wound  direct-current  motors  whose  speed 
can  be  varied  about  3  or  4  to  1.     The  only  way  in  which  such 
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a  motor  can  ie  economically  and  commercially  built  at  the  pres- 
ent time  is  by  using  an  interpolar  construction. 

High-speed  generator  construction  practically  dates  from  the 
construction  of  the  steam-turbine,  and  the  steam-turbine  has 
been  in  commercial  use  only  a  few  years.  The  fact  that  genera- 
tors arc  running  satisfactorily  at  the  high  speeds  at  which  steam- 
turbines  operate  has  accustomed  operating  engineers  to  high- 
speed electrical  machinery.  The  result  of  this  is  a  demand  for 
higher  speed  motor-generator  sets  and  synchronous  converters, 
the  assumption  being  that  such  sets  cost  less  and  require  less  floor 
space.  Motor-generators  and  synchronous  converters  are  now 
built  to  run  at  nearly  twice  the  speed  that  was  thought  practi- 
cable two  years  ago,  and  it  seems  as  if  the  tendency  were 
toward  still  higher  speeds. 

The  main  development  in  the  next  few  years  in  direct -current 
machinery  will  probably  be  in  connection  with  the  extended  use 
of  the  auxiliary  commutating  pole.  The  commercial  success  of 
this  construction  for  variable-speed  motors  has  already  been 
demonstrated,  and  it  is  probable  that  the  auxiliary  will  be  used 
extensively  in  high-speed  generators,  reversible  boosters,  and 
similar  machines  which  operate  under  severe  commutating  con- 
ditions. Almost  every  direct -current  designer  at  the  present 
time  is  investigating  the  possibilities  of  this  auxiliary  commu- 
tating pole.  At  present  very  little  is  known  of  its  effect  on 
commutation,  with  what  have  heretofore  been  regarded  as  pro- 
hibitive reactance  voltages.  It  will  be  interesting  to  find  out 
just  what  its  limits  are  int*  '^  direction,  and  to  what  extent  it 
will  reduce  the  cost  of  direct -current  machinery. 

N.  J.  Neall:  What  effect  will  the  inter-pole  have  on  the 
design  of  large  capacity  motors  carrying  heavy  currents?  and 
to  what  degree  will  the  requirements  for  ventilation  be  affected 
as  compared  with  present  standard  motors? 

C.  H.  Bedell:  On  the  small  machines — up  to  50  h.p.,  4  to  1, 
which  have  been  built — the  proportions  have  been  modified  so 
as  to  offset  the  extra  cost  of  the  inter-poles;  that  is,  the  air-gaps 
on  the  main  poles  are  as  a  rule  smaller  than  in  the  normal  machine, 
for  the  reason  that  the  sparking  is  controlled  independently  of 
the  armature  reaction.  By  making  the  air-gaps  smaller,  the 
necessary  field  excitation  is  reduced  and  the  field  diameters  kept 
down.  The  inter-poles  themselves  are  not  very  large.  At  the 
present  time  there  are  in  use  the  same  number  of  inter-poles  as 
main  poles;  these  inter-poles  are  about  half  the  length  of  the 
armature  core,  so  that  they  do  not  interfere  very  much  with  the 
circulation  of  air.  The  usual  temperatures  of  the  machine  are 
within  the  specifications  of  the  Institute. 

S.  Senstius:  Will  Mr.  Erbcn  kindly  explain  the  application 
of  the  inter-pole  on  turbo-generators?  As  I  understand  it, 
one  of  the  difficulties  in  the  design  of  ihese  generators  is  to  get 
rid  of  the  heat  produced  by  the  core  losses ;  the  core  losses  are  said 
to  be  ver^"^  great.     Now  in  jrder  to  reduce  the  core  losses  you 
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have  to  reduce  the  flux;  you  also  have  to  reduce  the  number  of 
poles  to  keep  down  the  frequency,  and  tlie  armature  ampere- 
turns  per  pole  become  very  great.  The  induction  in  the  teeth 
under  the  main  poles  being  made  very  small,  it  seems  to  me  that 
the  iron  losses  may  be  very  small  at  no  load ;  at  full  load,  how- 
ever, the  main  field  is  very  much  distorted  by  the  large  trans- 
verse m.m.f.,  and  sometimes  the  maximum  induction  in  the  teeth 
under  the  leading  poletips  becomes  twice  as  great  at  full 
load  as  it  is  at  no  load.  Thus  it  seems  to  me  that  in  such 
cases  it  would  be  necessary  to  compensate  the  armature  trans- 
verse turns  by  a  winding  on  the  pole  faces. 

H.  F.  T.  Erben:  Machines  have  been  built  with  both  a  dis- 
tributed winding  and  the  so-called  Dei  i  winding,  however  some- 
what modified  in  that  it  had  a  commutating  tooth.  There  has 
also  been  built  a  machine  which  had  no  distributed  winding,  only 
a  plain  commutating  coil  being  used.  The  latter  type  of  machine 
has  low  core  losses  and  the  heating  is  very  conservative.  A 
5()0-kw.  direct -current  vertical  turbine-generator  set  of  this  type 
has  an  efficiency  of  96%.  The  maximum  temperature  rise  of 
this  machine  is  about  40°  Cent.  The  armature  is  artificially 
cooled  by  a  downward  draft  of  air  set  up  by  means  of  fans 
attached  to  the  lower  end  ot  the  armature.  The  armature  losses 
represent  about  1.4  watts  per  square  inch.  The  draft  suffices 
to  keep  it  cool. 

N.  J.  Neall:  What  effect  would  an  inter- pole  have  on  series 
railway  motor  design,  and  what  is  its  value? 

C.  H.  Bedell:  That  opens  up  a  pretty  big  field,  and  we  are  at 
present  designing  motors  along  that  line.  We  have  made 
some  very  satisfactory  experiments.  I  think  one  of  our  stand- 
ard machines  500  volts,  10  h.p.,  4  to  1  variable-speed  motors 
— could  not  be  made  to  spark  w4th  100%  overload,  and  with  but 
9%  field  excitation.  The  point  was  to  find  out  if  with  that  method 
of  construction — of  course,  the  machine  was  not  designed  for 
that  class  of  work,  it  was  not  of  a  shape  suitable  for  rail- 
way purposes,  but  was  one  of  our  standard  machines — we 
could  use  that  method  for  railway  motor  work  so  as  to  obtain 
some  additional  economical  speed  points,  other  than  the  two 
speed  points  in  the  series  parallel  control.  The  experiments 
were  thoroughly  satisfactory:  not  only  would  the  motor  not 
spark,  but  we  got  a  wide  range  of  speeds. 

The  use  of  inter-poles  makes  quite  a  little  difference  in  the 
size  of  the  machine,  because  we  can  use  much  deeper  slots  than 
in  the  ordinary  construction,  on  account  of  not  being  hampered 
by  the  armature  reaction;  I  think,  therefore,  railway  motors 
could  be  made  that  would  give  three  or  four  extra  running 
speeds,  maybe  double  the  speed  of  the  ordinary  motor,  without 
any  difference  in  size.  The  shunting  of  the  current  off  the 
series  field  would  reduce  the  field,  and  in  laying  out  a  machine 
for  that  class  of  work,  of  course  the  armature  wire  would  have 
to  be  large  enough  to  allow  for  the  extra  current,  ana  that  could 
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probably  be  done  by  using  a  little  deeper  armature  slot.  The  result 
of  heating,  then,  would  be  no  greater  than  in  the  present  case, 
with  no  difficulty  in  respect  to  field  heating,  and  several  speed 
points  with  high  economy  would  be  obtained. 

President  WHeeler:  In  dynamo  designing  the  inter-pole  is 
undoubtedly  a  desirable  feature;  but  in  motors  for  variable  speed, 
while  I  consider  the  inter-pole  an  excellent  device,  I  believe 
that  it  is  practically  on  an  equality  with  several  other  means 
for  obtaining  variable  speed,  when  the  entire  cost  of  the  equip- 
ment is  considefed. 

There  are,  of  course,  several  ways  of  varying  the  speed  of  a 
direct -current  motor.  When  the  total  cost  of  the  application, 
including  that  of  the  driven  machinery,  is  considered,  I  think 
the  cost  of  a  field-weakening  motor,  which  is  the  one  in  which  the 
inter-pole  is  employed,  will  be  as  great,  if  not  greater,  than  the 
cost  when  the  speed  variations  are  obtained  in  other  ways,  such 
as  by  the  use  of  multiple  voltages,  provided  equal  ranges  of  speed 
are  obtained.  I  am  somewhat  of  a  believer  in  multiple  vol- 
tage as  the  best  method  of  obtaining  speed  variations.  I 
am  aware  that  this  method  is  opposed  by  machine-tool  build- 
ers, but  time  will  show  whether  they  will  give  up  that  oppo- 
sition or  not.  Machine-tool  builders  began  with  opposition  to 
motors  in  any  way  and  in  any  form,  but  they  have  changed 
front  on  this  question  and  in  time  I  think  they  may  give  up 
some  of  their  present  opposition  to  the  necessary  four  wires. 
In  cases  where  macliines  are  to  be  used  in  reasonable  quantity, 
it  seems  to  me  that  the  four- wire  or  multiple- voltage  method  is 
much  simpler  and  far  less  expensive  in  first  cost.  Of  course 
where  tools  are  not  to  be  used  close  together,  the  advantages  in 
favor  of  some  other  method  of  speed  variation  are  obvious. 
The  circumstances  of  each  particular  case  should  be  considered. 

David  Hall:  The  author  says  that  inter-pole  motors  are 
used  not  only  for  variable-speed  work,  but  are  also  found  useful 
for  constant-speed  conditions.  I  think  that  the  inter-pole  has 
given  rise  to  a  condition  where  the  engineer  can  show  his  dis- 
cretion as  to  the  proper  place  in  which  to  use  it.  If  a  machine 
can  be  built  which  is  limited  in  design  only  by  heating,  and 
not  by  commutation,  I  think  it  is  only  an  unnecessary  complica- 
tion to  introduce  inter-poles  or  any  other  auxiliary  device  that 
assists  commutation.  For  instance,  if  the  problem  were  to  design 
an  ordinary  30-h.p.  2()0-volt,  600-rev.  per  min.  motor,  the 
designer  would  find  no  use  for  auxiliary  devices  for  commutation, 
because  100%  overload  could  be  carried  on  the  motor  without 
difficulty,  and  the  output  limited,  not  by  sparking,  but  by 
heating.  On  the  other  hand,  when  the  problem  is  to  design 
a  machine  to  give  4  to  1  speed  variations,  and  it  cannot  be  done 
without  some  auxiliary  device,  then  the  necessary  means  should 
be  used  for  producing  a  satisfactory  machine  to  accomplish  that 
end.     The  author  says: 

Experiment  has  proved  conch i.sively  that  if  the  excitation  of  the  inter* 
poles  is  correct  for  nigh  speeds,  it  is  also  correct  for  all  lower  speeds. 
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I  have  found  that  there  is  a  much  greater  range  at  low  speeds 
than  there  is  at  high  speeds.  In  a  number  of  experiments  car- 
ried on  in  Cincinnati  it  was  shown  that  the  limits  for  commuta- 
tion were  very  nicely  brought  out  by  changing  the  size  and  the  rela- 
tive proportion  of  the  inter-poles.  As  has  been  said,  the  pole 
of  half  the  length  of  the  armature  was  found  to  be  a  desirable 
field.  That  may  be  true;  at  the  same  time  if  the  shape  of  the 
pole  is  very  much  changed,  I  am  satisfied  it  will  be  found  that 
the  number  of  ampere-turns  on  the  inter-poles  should  be  changed, 
depending  somewhat  on  the  width  and  the  length  of  the  inter- 
pole.     The  author  says  further: 

In  cases  where  the  teeth  of  the  armature  are  wide,  it  is  necessary 
to  make  the  bevel  of  the  edge  of  the  pole  quite  wide. 

That  refers  to  the  main  pole.  I  am  sorry  that  he  did  not  dwell 
on  the  relation  of  the  width  of  the  commutating  pole  to  the 
armature  on  which  it  is  to  be  used.  .  It  is  my  opinion  that  there 
is  room  for  considerable  investigation  along  this  line.  The 
distance  through  which  a  coil  passes  during  commutation,  which 
depends  on  the  width  of  the  brush,  the  pitch  of  the  slot,  and  the 
number  of  coils  per  slot — all  these,  I  think,  have  a  very  great 
bearing  on  the  proper  proportion  of  the  commutating  pole.  Re- 
ferring now  to  the  statement: 

With  the  inter-pole  construction,  as  the  fringe  of  the  main  field  is  not 
used  for  commutating  purposes,  the  beveling  or  skewing  of  the  edge  of 
the  pole  may  be  much  narrower,  and  therefore  the  effective  pole  area  is 
larger. 

This  seems  to  mean  that  we  can  use  a  wider  pole,  or  get 
the  advantage  of  a  wider  pole-face,  when  we  have  introduced 
a  commutating  pole.  Consi«iering  the  fact  that  the  commu- 
tating poles  have  to  be  provided  for,  and  that  they  take  up 
a  certain  amount  of  valuable  space,  we  cannot  use  any  greater 
pole  in  the  enclosure  than  on  the  standard  machine. 

The  matter  of  air-gaps  on  the  machine  is  also  of  importance, 
and  I  think  it  is  not  well  to  reduce  the  air-gap  too  much.  The 
flux  in  the  main  pole  may  be  reversed,  but  causes  increased 
iron  losses  which  would  affect  the  efficiency  and  temperature  of 
the  machine. 

L.  D.  Nordstrum:  In  regard  to  the  humming  of  the  armature 
being  eliminated  or  reduced  by  beveling  the  main  pole.  Is  this 
humming  the  same  as  that  spoken  of  by  J.  Fisher- Hinnen,  as 
whistling,  which  is  controlled  by  a  certain  relationship  between 
the  pole-arc  and  the  pitch  of  the  teeth?  J.  Fisher-Hinnen  has 
given  us  an  equation  by  the  use  of  which  we  can  adjust  the 
relation  of  the  pole-arc  and  the  pitch  of  the  teeth  so  as  to 
eliminate,  or  at  least  to  reduce  to  a  great  extent,  this  noise 
which  he  terms  whistling.  We  have  applied  this  equation  in 
several  cases  to  our  machines  and  find  that  it  works  very 
satisfactorily.  Is  this  humming  related  in  any  way  to  the 
whistling? 
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C.  H,  Bedell:  The  humming  which  I  ret  erred  to  is  that  pro- 
duced by  a  tooth  suddenly  entering  a  strong  magnetic  field. 
The  usual  practice  in  standard  design  is  to  bevel  the  field  so  that 
the  tooth  will  enter  the  field  gradually.  The  skewing  method 
used  on  the  inter-pole  motor  is  used  largely  on  account  of  a 
simpler  method  for  shop  use,  one  end  of  the  tooth  entering  the 
strong  field  before  the  other  dampens  the  tendency  to  humming. 

C.  P.Steinmetz:  Regarding  the  question  of  the  use  of  the 
inter-pole  on  series  motors:  some  years  ago  the  inter-pole  was 
used  on  single-phase  alternating  compensated  series  motors, 
and  it  was  found  useful  in  improving  the  commutation;  but 
its  use  was  not  continued,  because  the  advantages  gained  were 
not  sufficient  to  offset  the  disadvantage  of  the  lower  power-factor 
due  to  the  counter  electromotive  force  of  self-induction  of  the 
inter-pole  coil.  Its  use  involves  the  question  of  weighing  the 
advantages  and  disadvantages.  In  another  type  of  motor  it 
may  be  advantageous.  In  direct-current  series  railway  motors  the 
question  is  still  before  engineers  whether  the  advantages  gained 
by  the  use  of  the  inter- pole  are  sufficient  to  compensate  for  the 
disadvantages  of  a  duplication  of  the  number  of  field  coils  and 
field  poles  and  the  space  occupied  by  the  inter-poles.  Experience 
and  further  investigation  will  decide  that. 

The  inter-pole  is  not  a  new  feature;  it  has  been  known  for 
many  years.  I  had  occasion  several  times  in  former  years  to 
investigate  the  inter-pole,  and  under  the  conditions  existing 
then  decided  against  it.  However,  it  is  now  used  very  satis- 
factorily and  is  a  great  success.  It  is  one  of  those  things 
like  the  single-phase  alternating-current  railway  motor,  or 
like  the  unipolar  machine,  which  are  not  new  inventions, 
but  many  years  old — ^the  unipolar  machines  have  been  known 
for  a  very  long  time — and  the  single-phase  alternating-current 
compensated  series  motors  were  built  and  tested  15  years  ago 
by  R.  Kickemeyer;  not  only  machines  in  general  lines  similar 
to  the  present  ones,  but  practically  identical,  even  in  the  numeri- 
cal proportioning  of  the  parts,  were  built  for  low  frequency, 
30  cycles.  Still  they  have  only  been  used  in  the  last  few  years, 
because  15  years  ago,  while  the  machine  was  practically  there 
in  all  its  parts  and  proportions,  there  was  no  call  for  it.  No  one 
wanted  30  cycle  apparatus ;  no  one  cared  to  use  alternating  current 
on  railways,  because  for  all  distances  then  considered  direct  cur- 
rent was  satisfactory.  It  is  only  within  very  recent  years  that  the 
great  extension  of  long-distance  electric  railway  lines  has  called 
for  the  use  of  the  alternating-current  motor,  and  so  this  motor 
was  resurrected  or  re-invented,  whichever  you  may  call  it,  per- 
haps a  little  of  both.  The  same  is  the  case  with  the  unipolar 
machine.  To  operate  it  satisfactorily  requires  large  power 
capacity  at  high  speed.  There  was  no  prime  mover  to  give  that 
large  capacity  at  high  speed  until  the  steam-turbine  came  into 
use.  The  unipolar  machine  had  to  wait  for  the  steam-turbine 
before  it  could  become  a  commercial  success. 
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If  we  consider  the  question  of  using  the  inter-pole  in  a  well- 
designed  direct -current  machine,  whether  motor  or  generator, 
we  find  no  advantage.  It  is  a  complication.  But  we  can  re- 
verse the  consideration  and  say:  we  do  not  take  a  good  machine 
as  it  stands,  but  design  the  machine  by  the  use  of  the  inter-pole. 
The  inter-pole,  controlling  armature  reaction,  allows  us  to  re- 
design the  machine  with  practically  unlimited  armature  reaction, 
which  we  could  not  do  otherwise,  and  still  get  good  commutation. 

Most  of  the  features  of  this  re-design  have  been  discussed  here 
to-day.  The  limitation  of  the  output  of  a  machine  may  be  due 
to  heating  or  to  sparking.  Where  heating  limits  the  output  the 
inter-pole  will  not  improve  it.  The  development  of  the  last 
years  has  been  in  increasing  the  output  by  better  methods  of 
ventilation,  use  of  better  material,  which  gives  lower  hysteresis 
loss,  and  a  better  method  of  insulating  against  eddy  currents. 
This  has  largely  increased  the  heating  limit,  so  that  machines 
formerly  limited  by  the  heating,  are  now  limited  by  the  com- 
mutation. 

Again,  the  inter-pole  permits  an  increased  armature  reaction, 
and  a  lower  field  excitation.  We  could  not  use  lower  field  excita- 
tion before  in  many  cases.  To  secure  the  best  dielectric  strength 
of  the  armature,  it  is  advisable  to  have  the  armature  coils  wound 
and  insulated  and  then  dropped  into  the  armature  slots.  That 
means  straight  slots  in  the  armature,  with  a  considerable  open- 
ing of  the  slot.  To  reduce  the  heating  of  the  pole  faces  by  the 
eddy  currents  means  then  that  either,  with  a  small  air-gap, 
laminated  field  pole  faces  are  required,  or  the  length  of  the  air- 
gap  must  be  not  less  than  about  half  the  slot  opening  of  the 
armature.  The  laminated  field  pole  is  a  compUcation  which  is 
not  so  objectionable  now  as  it  was  years  ago,  and  laminated 
field  poles  are  now  used  to  a  great  extent. 

The  maximum  turns  which  you  can  put  on  the  armature  are 
limited  by  the  pitch  of  the  pole;  that  is,  the  armature  diameter. 
It  may  be  that  the  armature  reaction  which  we  could  use,  and 
the  field  excitation  which  we  had  to  use  to  send  the  flux  across 
the  air-gap,  was  such  that  very  little  advantage  could  be  gained 
by  using  the  inter-pole.  To  get  the  benefit  of  the  inter-pole 
meant  much  higher  armature  reaction ;  that  is,  very  much  higher 
peripheral  speeds  of  the  armature,  larger  armature  diameter,  a 
lesser  number  of  poles;  but  larger  section  of  the  iron  part  of  the 
machine,  and  other  changes  which,  under  conditions  that  ex- 
isted years  ago,  made  the  machine  more  expensive  and  less 
desirable.  With  the  change  of  industrial  conditions  and  the 
use  of  higher  peripheral  speeds  as  required  by  the  steam-turbine, 
conditions  are  entirely  changed. 

A  very  much  larger  pitch  of  the  armature  and  so  much  higher 
armature  reaction  has  to  be  used.  The  ampere-turns  field 
excitation  required  to  send  the  maj^^netic  flux  across  the  mini- 
mum permissible  air-gap  became  far  less  than  sutTicient  to  con- 
trol the  armature  reaction.     Furthermore,  to  get  a  reasonably 
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large  number  of  poles  and  reduce  the  armature  reaction  within 
reasonable  limits,  required  a  low  number  of  poles,  say  four  poles 
in  an  1800  rev.  per  min.  machine,  and  that  meant  60-cycle 
commutation.  Hence  the  conditions  of  commutation  became 
very  severe,  and  in  this  case  the  inter-pole  is  a  great  success, 
while  before  these  industrial  changes  had  taken  place,  the  inter- 
pole  was  of  less  advantage,  and  rather  undesirable  by  reason  of 
complication. 

Now,  as  has  been  so  ably  discussed  in  the  paper,  by  the 
adoption  of  the  inter-pole  in  variable-speed  motors,  we  get 
a  very  wide  range  of  speed.  This  range  of  speed  is  secured 
by  weakening  the  fields  greatly,  which  means  a  high  arma- 
ture reaction.  If  you  have  two  voltages  in  a  system,  say 
a  three-wire  circuit  of  110  and  220  volts,  and  then  in  addition 
enter  into  the  neutral  of  the  armature  by  a  compensator,  con- 
nected to  two  opposite  points  of  the  armature  by  means  of 
collector-rings — the  center  of  the  compensator  representing  the 
neutral  or  center  of  the  armature — you  can  then  utilize  half  of 
the  counter  electromotive  force  of  the  armature  to  consume  the 
impressed  electromotive  force.  Hence  you  get  speeds  corre- 
sponding to  110,  220,  or  440  volts,  or  you  get,  at  constant  field 
excitation,  a  speed  variation  of  1  to  4. 

Since  ordinary  field  control  will  give  a  speed  range  of  one  to 
two,  this  combination  then  gives  you  a  speed  range  of  1  to  8 
without  being  obliged  seriously  to  lower  the  field  excitation. 
This  is,  however,  a  complication,  and  in  all  of  these  matters  of 
engineering  you  must  weigh  complication  against  complication; 
the  advantage  of  one  feature  against  its  disadvantages.  The 
conclusions  change  with  the  change  of  the  underlying  require- 
ments. Thus  we  find  in  the  course  of  progress  the  inter-pole 
now  being  introduced  on  a  large  scale  as  a  very  great  improve- 
ment, while  during  the  past  15  years,  since  the  time  of  its  first 
proposal,  it  has  not  been  used  to  any  extent  except  here  and 
there  tentatively. 
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SOME  EXPERIENCES  WITH  LIGHTNING  AND  STATIC 
STRAINS  ON  A  33  000- VOLT  TRANSMISSION 
SYSTEM. 


BY  FARLEY  OSGOOD. 


In  this  paper  will  be  related  the  actions  of  the  multigap 
series  resistance  type  of  arrester  unit,  and  the  multigap  type  of 
arrester  unit  without  the  series  resistance,  experienced  during 
the  years  1904  and  1905  on  a  33  000-volt  transmission  system 
operated  by  the  New  Milford  Power  Company,  of  New  Mil- 
ford,  Connecticut.' 

This  power  company's  plant  is  situated  on  the  Housatonic 
River,  which  coming  down  from  the  Berkshire  Hills  through 
a  mountainous  and  hilly  country,  runs  in  a  southerly  direction 
nearly  parallel  with  the  state  line  between  New  York  and 
Connecticut,  and  empties  into  Long  Island  Sound  between 
Bridgeport  and  New  Haven.  The  transmission  line  follows 
this  river  for  about  4  miles,  and  then  turns  directly  east  and 
traverses  for  56  miles  a  country  which  is  nothing  but  hills  and 
valleys,  the  altitude  variations  being  about  1  200  ft.  These 
facts  are  mentioned  merely  to  show,  that  like  very  many  other 
hydroelectric  plants,  this  one  is  situated  in  an  ideal  position 
to  receive  the  full  force  of  all  lightning  storms,  which,  generally 
speaking,  follow  the  courses  of  the  valleys. 

Tlie  station  is  water-driven.  At  the  time  covered  by  this 
paper  the  equipment  consisted  of  six  1  000-kw.  alternating- 
current  generators,  generating  at  1  150  volts,  and  503  amperes, 
three-phase,  GO  cycles.  Before  leaving  the  station  the  current 
is  stepped  up  to  33  500  volts  by  means  of  single-phase  step-up 
transformers  connected  in  delta.  The  step-down  transformers 
at  the  sub-stations  are  connected  part  in  delta  and  part  in  Y, 
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without  grounded  neutral.  The  transmission  line  is  of  alumi- 
num, the  wires  bcinj^;  strung  on  v/ooden  cross-arms  and  wooden 
poles.  Two  lines  of  poles  carry  one  circuit  each  from  the  sta- 
tion to  the  Waterbury  sub-station,  a  distance  of  30  miles. 
The  two  circuits  loop  through  the  Waterbury  station,  and  run 
back  on  the  same  two  lines  of  poles  for  a  distance  of  about 
3.5  miles,  when  they  leave  the  main  lines  and  take  a  line  of 
single  poles.  One  circuit  is  placed  on  each  side  of  the  pole,  the 
wires  extending  to  the  city  of  New  Britain,  a  distance  of  26 
n:iiles  beyond  Waterbury.  At  about  the  middle  of  this  Water- 
bury-New  Britain  loop,  a  loop  5  miles  long  consisting  of  one 
circuit  extends  into  the  Cheshire  sub-station.  This  loop  is 
controlled  at  a  switch-house  near  the  junction  point  with  the 
Waterbury-New  Britain  circuits.  The  transmission  wires  are 
arranged  in  triangular  form,  60  inches  to  a  side,  with  the  apex 
upward. 

During  the  year  1904,  the  multigap  series  resistance  type  of 
arrester  unit  was  in  service.  The  equipment  at  the  power 
station  consisted  of  16  tmits  in  series  per  phase,  without  any 
multiplex  connections  of  any  kind.  These  units  consisted  of 
4  gaps  and  two  2r)0-ohm  resistance  sticks  each,  making  a  total 
of  64  gaps  and  32  resistances  l^etween  each  Hne  and  ground, 
and  128  gaps  and  64  resistances  between  Hne  and  line. 

The  sub-station  equipments  were  the  same,  with  the  excep- 
tion of  a  multiplex  connection  between  phases,  consisting  of 
250-ohm  resistance  sticks  of  carbon,  which  were  varied  in 
number  from  three  or  four  to  six  or  eight  between  the  phases. 

During  this  season  the  major  portion  of  the  heavy  Hghtning 
discharges  was  in  the  vicinity  of  the  Waterbury  sub-station, 
and  on  several  occasions  the  lightning-arrester  equipment  was 
very  badly  broken  up,  even  to  the  extent  of  destroying  all  the 
carbons,  and  all  porcelain  bases  of  the  units  of  one  phase,  and 
nearly  all  of  a  second  phase. 

Generally  speaking,  No.  2  and  No.  3  phase  equipment  under- 
went the  severest  actions.  If  the  shock  to  the  arresters  was 
not  sufficient  to  destroy  the  bases  themselves,  the  carbon 
series  resistance  sticks  would  invariably  break,  thus  destroying 
any  protective  effect  the  apparatus  might  have. 

On  four  different  occasions  when  there  were  severe  lightning 
discharges  on  the  Waterbury  section  of  the  system,  the  power- 
station  end  of  the  system  received  such  increased  potential 
that  insulators  on  the  high-tension  bus-bars  in  the  generating 
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station  were  broken  down.  On  two  of  these  occasions  the 
lightning-arrester  equipment  at  the  power  station  discharged 
with  sufficient  severity  to  break  five  or  six  of  the  carbon  re- 
sistance sticks,  but  on  the  other  two  occasions  the  arrester  dis- 
charge was  very  light  indeed. 

The  breaking  down  of  the  insulators  at  the  generating  station, 
the  breaking  of  the  resistance,  sticks  in  the  station  arresters, 
and  the  breaking  down  of  the  arrester  equipment  at  the  Water- 
bury  sub-station  occurred  on  the  same  phase. 

These  bus-bar  insulator  breakdowns  caused  us  to  place  re- 
actance or  choke-coils  between  the  arrester  equipment  and 
the  bus-bars.  The  coils,  one  on  each  pha^,  consist  of  20  turns 
6  in.  diameter  of  No.  00  copper  wire.  These  reactance  coils 
were  placed  in  service  at  the  generating  station  during  the 
latter  part  of  the  1904  lightning  season,  and  since  that  time 
no  high-tension  bus-bar  insulator  has  broken  down. 

On  two  occasions  the  building  up  of  current  on  the  line 
broke  down  a  large  porcelain  insulator  supported  by  the  slate 
base  of  the  pigeon-coop  through  which  the  wires  pass  when 
leaving  the  building.  Although  only  two  insulators  were 
actually  broken  down  at  this  point,  four  of  these  insulators 
had  to  be  replaced  on  account  of  the  discharges  to  ground 
through  them.  To  overcopie  the  discharge  difficulty  at  this 
point,  the  insulators  were  removed,  and  the  slate  bottoms  of 
the  pigeon-coops  broken  out,  so  that  each  wire  came  out 
of  the  building  in  a  38-in.  air-space.  Fig.  1  shows  these  pigeon- 
coops,  and  although  the  bottoms  are  not  visible,  the  condition 
can  be  understood.  It  might  be  mentioned  that  the  two 
actual  breakdowns  at  the  point  just  described  were  caused 
when  the  transmission  line  was  grounded;  once  on  the  same 
phase  as  the  grounded  line,  and  once  on  another  phase. 

The  most  severe  storms  during  the  season  of  1904  occurred 
on  July  29,  and  September  8,  when,  in  the  first  instance,  almost 
continuous  flashes  were  experienced  for  17  minutes,  and  in  the 
latter  instance,  incessant  lightning  discharges  for  29  minutes. 
During  the  storm  of  July  29,  the  automatic  circuit-breakers 
opened  7  different  times,  and  during  the  storm  of  September  8 
they  opened  8  times.  During  neither  of  these  storms,  how- 
ever, was  any  damage  done  to  apparatus. 

The  circuit-breakers  which  opened  were  of  the  instantaneous 
type,  which  no  doubt  accounts  in  a  large  measure  for  their 
rapid  successive  operation.     There  were  three  lightning  storms 
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on  the  section  of  the  system  beyond  Waterbury  which  did  not 
aflfect  the  main  part  of  the  system  (as  it  is  known),  which  is 
the  section  between  the  generating  station  and  Waterbury 
sub-station. 

These  three  storms  occasioned  three  openings  of  the  breakers 
that  were  placed  on  the  outgoing  Hnes  toward  New  Britain 
at  the  Waterbury  sub-station ;  and  these  storms  caused  no  dam- 
age to  apparatus  which  could  in  any  way  be  attributable  to 
lack  of  action  on  the  part  of  the  protective  devi'^e^^ 


Fig.  1. 
Pigeon-coops,  Wiicre  Wires  Leave  Power  Station,  New  Milford  Poww  C 


The  record  for  the  1004  season  shows  that  tluTc  were  19 
lightning  storms  which  occasioned  56  interruptions  to  service. 

During  the  interim  between  the  1904  and  1905  seasons,  the 
bellows-type  time-limit  relays  were  substituted  for  the  instan- 
taneous relays  on  the  two  lines  .cooing  out  from  the  ])()wer  sta- 
tion, and  on  the  two  lines  leavini:;  tlie  Waterbury  sub-station 
for  the  New  Britain  end  of  the  system. 

These  relays  were  set  at  0.5  seconds  at  the  power  station,  and 


fldOe        OSGOOD:  EXPERIENCES  WITH  UGHTNIXG.  353 

at  4  seconds  on  the  New  Britain  loop  from  Waterbury.  It  can 
readily  be  seen  that  disturbances  on  the  far  end  of  the  line  would 
cause  interruptions  only  to  the  smaller  sub-stations,  Cheshire, 
and  New  Britain,  and  not  affect  the  Waterbury  service,  which 
takes  approximately  f  of  the  station  output. 

The  series  resistance  type  of  lightning-arrester  was  aban- 
doned all  over  the  system,  and  was  replaced  with  the  multi- 
gap  type  without  series  resistance.  These  units  consist  of  24 
air-gaps  each,  and  were  arranged  with  14  units  per  phase, 
with  multiplex  connection,  without  resistance,  connecting  the 
three  phases,  and  a  bank  of  14  units  between  this  multiplex 
connection  and  the  ground,  making  a  total  of  672  gaps  between 
line  and  line,  and  the  same  number  between  line  and  ground. 

Reactance  coils  similar  to  the  ones  described  above  as  being 
placed  at  the  power  station  were  placed  at  all  sub-stations. 
Figs.  2  and  3  show  the  series  resistance  type  of  unit  installation, 
and  the  **  V  "  type  multigap  installation,  both  with  choke-coils, 
as  they  were  placed  at  the  generating  station. 

As  the  multigap  type  of  unit  without  series  resistance  had 
never  been  in  service  on  any  system,  there  was  some  doubt  as  to 
whether  the  lightning  would  discharge  across  672  gaps,  but  our 
fears  were  not  well  founded,  as  will  be  related  in  a  moment. 

The  season  of  1905  was  noteworthy  as  being  particularly 
free  from  lightning  storms,  although  in  Connecticut  there  were 
two  very  severe  ones;  one  on  May  25,  and  another  on  July  10. 

There  are  approximately  1  300  poles  in  each  of  the  lines  be- 
tween the  power  station  and  the  Waterbury  sub-station.  On 
May  25,  the  lines  were  being  operated  in  parallel  as  far  as  Water- 
bury, both  lines  being  strapped  together  at  each  end  by  a 
switch. 

The  lightning  storm  on  this  date  struck  the  line  itself.  At 
pole  746,  No.  2  wire  was  down,,  and  insulator  so  completely 
shattered  that  it  was  difficult  to  find  a  piece  large  enough  to 
bring  home  for  a  sample.  At  pole  549,  No.  3  wire  was  down, 
and  the  insulator  somewhat  shattered  and  considerably  melted ; 
what  was  left  of  it  having  the  appearance  of  a  molten  mass. 
At  pole  521,  No.  1  wire  was  down,  but  No.  1  insulator  was  not 
broken  at  all.  No.  3  insulator  was  broken  on  the  petti- 
coat, the  current  having  jumped  through  to  the  cross-arm 
and  by  way  of  the  iron  cross-arm  brace  to  the  pole  and  ground. 
At  pole  746  the  cross-arm  did  not  have  to  be  renewed.  At 
pole  549  the  arm  had  to  be  renewed  and  the  pole  re-gained. 
At  pole  521  the  cross-arm  did  not  have  to  be  Tetve>Ned. 
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At  the  time  the  storm  struck  the  line,  the  two  Hnes  were  in 
parallel.  The  trouble  on  this  line  was  discovered,  and  the  load 
shifted  over  to  the  good  line.     The  current  was  kept  on  the 


Fig,  2. 
Air-gap  S.'rics  Resistance  Type  of  Lightning  Arrester,  with  Choke-Coils, 
as  Installed  1904  at  Power  House  of  New  Milford  Power  Company. 

line  which  was  in  trouble  to  develop  it.     This  whole  occurrence 
happened  within  a  period  of  50  minutes.      The  arresters  dis- 
charged ver}'  slightly  at  each  end  of  the  Hne.     No  inside  ap- 
paratus  was  damaged  at  any  point. 
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On  July  10  was  experienced  the  most  severe  storm  that  ever 
has  been  known  in  this  section.  Soon  after  the  storm  struck 
the  system,  the  lines  which  were  being  operated  in  parallel  were 


Fig.  3. 
Type  **  V  "  or  Straight  Air-gap  Arrester  Units,  Without  Scries  Resist- 
ance, as  Installed  1905  at  Power  House  of  New  Milford  Power  Company. 

separated,  one  line  carrying  the  load,  the  other  being  held  dead 
in  reserve.  Almost  immediately  after  this  change  was  made 
the  arresters  at  the  power  station  on  the  working  line  dis- 
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charged  across  the  multiplex  connection  and  held  an  arc  which 
was  timed  for  a  little  over  two  minutes  when  the  breaker  was 
opened  by  hand  to  break  the  arc,  the  load  being  put  on  the 
reserve  line.  Examination  of  the  arresters  showed  that  all 
the  cylinders  were  welded  together,  including  the  ground-bank, 
although  the  cylinders  of  the  ground-bank  were  not  so  severely 
melted  as  the  banks  above  the  multiplex  connection.  None 
of  the  porcelain  bases  was  damaged;  although  the  compound 
from  the  screw  holes  was  almost  entirely  melted  out,  and  ran 
down  across  the  face  of  the  porcelain  bases.  Almost  immedi- 
ately after  the  load  was  put  on  the  reserve  line  this  set  of  ar- 
resters acted  in  the  same  manner  as  just  described.  The  oper- 
ator timed  the  arc  for  a  little  over  a  minute,  and  then  pulled 
the  breaker  to  save  the  arresters,  as  it  was  his  last  set. 

All  the  units  on  all  three  phases  above  the  multiplex  con- 
nection had  every  cylinder  welded  together.  Six  porcelain 
bases  were  cracked,  and  the  compound  in  the  screw  holes  was 
almost  entirely  melted  out.  Although  the  bank  of  units  be- 
tween the  multiplex  and  ground  was  observed  to  discharge, 
the  cylinders  were  not  welded  together  at  all.  This  set  of  ar- 
resters was  cleaned  up  and  put  back  into  service,  but  went 
out  again  almost  immediately.  The  welding  of  the  cylinders 
was  about  the  same  as  on  the  first  occasion.  From  this  it  is 
clearly  seen  that  lightning  will  discharge  across  672  gaps. 

The  arresters  at  all  three  of  the  sub-stations  discharged 
slightly,  but  no  harm  came  to  them.  Figs.  4  and  5  show  the 
arrester  tell-tale  papers  after  this  July  10  storm,  and  after  a 
storm  of  July  22.  It  will  be  noticed  that  heavy  discharges 
occurred  only  on  one  phase  and  the  ground-bank.  The  papers 
are  arranged  showing  the  three  phases  on  top,  numbering  from 
1  to  3,  from  left  to  right,  and  the  ground-bank  below  the  mul- 
tiplex connection,  underneath.  The  power-station  tell-tale 
papers  were  burned  up  during  the  storm  of  July   10. 

Six  poles  were  splintered  at  about  equal  interv^als  over 
the  56  miles  of  line.  It  was  noted  that  but  one  of  these 
poles  was  sufficiently  damaged  to  warrant  immediate  replacing; 
the  other  five  were  splintered  only  in  the  lower  half,  no  dam- 
age being  done  at  all  above  20  ft.  from  the  ground.  No 
damage   was   done   to   any    apparatus    during  this  storm. 

The  storm  seemed  to  center  in  the  immediate  vicinity  of  the 
generating  station.  Continuous  flashes  of  lightning  occurred 
for  1  hr.  40  min.     The  action  of  the  arrester  cylinders  shows 
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that  the  discharges  of  current  must  have  been  very  great. 
On  many  other  occasions  the  power-house  arresters  took  all 
discharges  successfully,  and  on  no  occasion  did  the  arrester 
cylinders  weld  together  at  the  sub-stations. 

This  shattering  of  the  poles  led  us  to  consider  the  placing  of 
an  arrester  equipment  on  the  line.    As  soon  as  it  could  be  done, 


Tell  Tele   Penera  from  ilhe   hire   3ubGtetl??iv 

Storm  July  '^'^nd. 


Fig.  5. 

a  complete  set  of  arresters  was  installed  about  10  miles  out  on 
the  line  from  the  power  station,  on  the  top  of  a  hill  where 
the  line  reaches  its  highest  altitude.  Since  the  installation 
of  this  line-arrester  equipment  no  poles  have  been  shattered. 
This  installation  is  within  10  poles  of  the  sectionman's  house. 
On  November  .»i,  1905,  a  short  circuit,  which  is  interesting 
on  account  of  the  damage  done  to  apparatus,  occurred  on  the 
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New  Britain  end  of  the  system.  The  two  New  Britain  lines 
were  in  parallel,  and  some  miscreant  threw  a  steel  umbrella-rod 
into  the  wires,  short  circuiting  No.  3  phase  of  the  No.  1  line 
and  the  No.  2  phase  of  the  No.  2  line,  these  being  the  pole  wires. 
The  result  was  the  burning  out  of  two  550-kw.  step-down  trans- 
formers at  the  Waterbury  sub-station,  the  piercing  of  the  coils 
of  a  330-kw.  transformer  at  New  Britain  sub-station,  and  the 
damaging  of  a  small  potential  transformer  at  the  Cheshire 
sub-station. 

This  short  circuit  caused  considerable  trouble,  as  just  de- 
scribed, whereas  the  short  circuiting  of  the  lightning  arresters 
at  the  power  station  on  July  10  and  the  short  circuit  on  May  30 
when  all  three  phases  of  the  line  were  on  the  ground  caused  no 
damage  whatever  to  any  apparatus. 

During  the  season  of  1905,  there  were  four  lightning  storms 
which  caused  seven  interruptions.  As  already  stated,  during 
the  1904  season  there  were  19  storms  which  caused  56  interrup- 
tions. The  relative  percentage  of  interruptions  to  storms  is  so 
largely  in  favor  of  the  1905  season,  that  we  are  led  to  believe 
we  have  made  an  advance  in  the  betterment  of  our  protective 
arrangements. 

For  the  season  of  1906  these  arresters  are  being  operated  with 
resistance  in  shunt  with  a  portion  of  the  gaps,  in  the  expecta- 
tion that  this  will  limit  the  dynamic  current. 

A  telephone  line  is  operated  over  the  entire  56  miles  of  this 
transmission  system.  The  line  is  strung  on  the  transmission- 
line  poles.  This  telephone  circuit  is  of  No.  6,  B.  &  S.  galvanized 
steel,  is  carried  on  brackets  on  each  side  of  the  pole,  tied  to  a 
fairly  heavy  telephone  trunk-line  insulator,  and  is  transposed 
between  the  poles  :vcry  third  section.  The  only  protective 
devices  on  this  line  are  ordinary  telephone  protective  devices 
placed  at  the  sub-stations,  there  being  no  protection  for  a  man 
talking  on  the  Ime  should  one  of  the  high-tension  wires  hap- 
pen  to  break,  and  fall  across  the  telephone  circuit. 

It  may  be  interesting  to  some  of  the  members  to  know  that 
in  the  latter  part  of  May  we  made  tests  on  a  telephone  protec- 
tive device  arranged  as  follows:  on  the  instrument  end  of  the 
device  was  a  1-1  transformer,  or  heavy  repeating  coil,  built  to 
stand  a  pressure  of  2  500  volts.  Ahead  of  this  transformer 
was  a  ground-plate  cut-out  consisting  of  copper  blocks  instead 
of  the  usual  carbon  blocks,  and  separated  by  two  micas  of 
0.0055  of  an  inch  in  thickness.     Ahead  of  the  ground  plate 
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was  a  tubular  fuse  of  about  10  amperes,  and  ahead  of  this  was 
a  long  fuse  of  25  amperes'  capacity. 

Tests  were  made  by  varying  the  length  of  the  long  fuse  from 
6  ft.  to  20  ft.,  and  varying  from  25  to  50  amperes.  A  separate 
telephone  test-Une  of  a  few  sections  was  put  up  to  make  this 
test,  one  side  of  the  telephone  circuit  being  strapped  to  one  side 


KiG.   1). 

Telephone  Protective  Device  Test;  6  ft.  25-Ampere  Fuse. 


of  one  of  the  transmission  lines  by  means  of  a  No.  10  copper 
wire,  and  the  other  side  of  the  transmission  line  was  then  ground- 
ed. The  ground-plate  device  of  the  protective  apparatus 
also  being  grounded.  33  000  volts  was  then  thrown  on  to 
the  transmission  line. 

The  long  fuse  operated,  as  well  as  the  tubular  fuse,  and  the 
ground-plates  operated.     Many  tests  were  made,  the  machine 
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current  being  held  on  for  some  15  to  25  seconds.  The  telephone 
instruments  on  the  test  line  had  their  receivers  oflE,  thus  giving 
the  effect  of  the  instruments  being  in  service,  and  on  none  of 
the  tests  was  any  part  of  an  instrument  damaged  in  any  way. 
This  led  us  to  the  installation  of  one  of  these  devices  on  the 
power-house  end  of  our  telephone  line,  but  it  was  foimd  that 
we  could  not  prevent  the  induced  current  on  the  telephone  line 


Fig.  7. 
Telephone  Protective  Device  Test;  20  ft.  50-Ampere  Fuse. 

from  arcing  across  the  ground-plate  equipment  of  the  arrester, 
notwithstanding  the  fact  that  we  increased  the  mica  separators 
to  five  in  number.  The  ground-plate  apparatus  would  hold 
up  at  times  for  several  hours,  and  at  other  times  would  arc  across 
immediately,  thus  showing  that  the  induction  effect  on  the 
telephone  line  was  not  constant,  and  for  this  reason  the  device 
was  given  up  awaiting  a  further  stage  of  development. 
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By  means  of  an  ordinary  portable  voltmeter,  we  found  that 
the  telephone  line  carried  775  volts  between  one  side  and  the 
ground,  just  outside  of  the  power  station,  and  995  volts  just 
outside  the  Waterbury  sub-station.  One  reason  for  the  high 
voltage  on  this  telephone  line  is  that  the  transmission  line  is 
not  transposed  at  all. 

Figs.  6,  7.  and  8  show  three  of  these  tests. 


Pig.  8. 
Telephone  Protective  Dev.ce  Test;  50- Ampere  Tubular  Fuse,  1  ft.  Long. 


The  one  with  the  power  station  in  the  background  shows 
the  arcing  of  a  6  ft.,  25-amperc  fuse.  The  one  showing  the  long 
arc  between  the  poles  is  a  20  ft.,  50-ampere  fuse.  The  one 
showing  the  smaller  arc  near  the  pole  is  a  50-ampere  tubular 
fuse  about  one  foot  in  length. 

To  prevent  a  water  ram  in  the  penstock  at  the  time  of  the 
releasing  of  a  short  circuit,  the  penstock  terminates  in  a  stand- 
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pipe  105  ft,  high  and  5  ft.  in  diameter.  At  the  time  of  these 
tests  we  were  fortunate  in  getting  a  photograph  of  the  discharge 
of  the  stand-pipe,  and  the  same  is  shown  herewith. 


KiG.  0. 
Discharj^Mii^^  o£  Stand- Pi] K',  New  Milford  Powt-i  Co. 
J  It.  Diameter. 


F\\ic.  10.")  ft.  Hi-h. 


A  studv  of  these  two  seasons  of  Hp^htnini^^  experiences  V)rin^s 
out  the  fact  that  our  trouble  has  covcrecl  tlio  whole  system, 
and  in  no  way  confined  to  one  point.     We  have  done  all  we 
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could  to  better  our  arrangement  of  protective  devices  as  we 
have  progressed,  but  the  shifting  of  the  location  of  trouble 
and  the  building  up  of  high  waves  of  current  on  the  line  make 
one  consider  the  advisability  of  changing  the  connection  of  the 
transformers  to  a  Y  formation  and  grounding  the  neutral  points. 

These  experiences  also  seem  to  indicate  that  it  is  the  resist- 
ance in  series  with  the  gaps  which  causes  the  greater  obstruction 
to  the  lightning  discharges,  rather  than  an  increase  in  the 
niunber  of  the  gaps  themselves. 

With  the  resistance  in  shunt  with  a  portion  of  this  greater 
number  of  gaps,  and  on  account  of  the  flexibility  of  adjustment 
of  such  an  arrangement,  it  is  exp3cted  that  this  year's  ex- 
periences will  develop  the  proper  relation  between  series  gaps, 
and  shunted  gaps;  if  such  proves  to  be  the  case,  this  type 
of  equipment  will  be  comparatively  simple  to  handle. 

The  relating  of  this  detail  is  done  with  the  view  of  putting 
before  our  members  some  experiences  which  may  be  different 
from  those  given  in  former  papers,  and  in  the  hope  that 
some  additional  studies  may  be  worked  out  for  the  betterment 
of  the  protective  devices  to  relieve  us  from  the  wonderful  forces 
of  our  worst  and  common  enemy,  lightning. 


A  ^tf^fr  fretented  at  th*  nd  Anmuai  Com' 
vemtion  of  ike  American  Institute  of  Electrical 
Engineers,  Milwaukee^  Wis.^  May  88-81, 1003. 
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METHODS    OF    TESTING    PROTECTIVE    APPARATUS. 


BY  E.  E.  F.  CREIGHTON. 


This  paper  treats  of  the  methods  of  testing  arresters  and 
dielectrics,  and  presents  most  of  the  conditions  and  precau- 
tions the  writer  has  found  necessary  to  observe  to  obtain  useful 
results.  A  second  paper  will  include  more  details  of  insula- 
tion tests,  and  will  describe  the  application  of  tests  to  some 
nevj  and  some  old  types  of  arresters. 

The  general  term  lightning  has  been  applied  by  Dr.  C.  P. 
Steinmetz  to  mean  any  abnormal  surge  of  voltage  on  a  trans- 
mission line.  This  is  a  convenient  term,  since  lightning-arresters 
should  be  designed  to  protect  against  any  dangerous  rise  in 
voltage,  whether  the  clouds  are  the  source  or  not.  This  designa- 
tion will  give  a  natural  division  of  lightning  into: 

Cloud  lightning  from  an  external  source. 

Surge  lightning  from  an  internal  source. 

Both  kinds  of  lightning  usually  appear  together  in  summer; 
that  is  to  say,  surge  lightning  of  a  more  or  less  serious  nature 
usually  follows  cloud  lightning,  as  an  after  effect  connected 
with  the  extinguishment  of  the  arc.  Occasionally,  at  other 
times,  surge  lightning  will  appear  unaccompanied  by  cloud 
lightning,  due  to  bad  methods  or  carelessness  in  switching, 
accidental  grounding  of  a  phase,  or  a  short  circuit. 

There  is  no  definite  fixed  practice  in  testing  lightning-arresters 
corresponding  to  the  well-known  and  satisfactory  tests  of  every 
other  piece  of  apparatus  used  in  electrical  transmissions. 

The  characteristic  behavior  of  a  generator,  motor,  transformer, 
meter,  and  even  of  switches,  can  in  general  be  subjected  to  tests, 
in  order  that  the  apparatus  shall  fulfil  the  requirements  of  use. 
These    requirements,    such    as    overload    capacity,    regulation, 
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accuracy,  dielectric  strength  between  the  different  parts  at  nor- 
mal frequency,  etc.,  are  factors  the  conditions  of  which  can  be 
reproduced  at  will.  On  the  other  hand,  lightning-arresters  are 
designed  to  protect  against  the  foe,  **  high-tension  strain,** 
that  appears  in  many  indefinite  forms,  and  attacks  different 
parts  of  the  transmission  system,  according  to  circumstances. 

Some  of  the  forms  of  lightning  stroke  cannot  be  reproduced 
in  the  laboratory.  Laboratory  demonstrations  have  often  been 
made  of  one  particular  kind  and  power  of  stroke  in  conjunction 
with  a  device  which  protects  against  that  particular  condition, 
but  not  against  a  number  of  other  conditions  met  in  practice. 
As. a  result,  laboratory  methods  have  fallen  into  disfavor  and 
disuse.  This  condition  is  unfortunate,  in  that  apparatus  may 
be  installed  which  is  intrinsically  unable  to  withstand  even 
laboratory  tests.  It  seems  safe  to  adopt  a  rule  used  in  the 
development  of  protective  apparatus,  to  the  effect  that  all 
protective  apparatus  must  pass  the  laboratory  and  shop  tests 
before  it  can  be  considered  ready  for  the  line  test.  It  seems 
safe  to  say  that  sooner  or  later  the  arrester  installed  on  the  line 
will  be  placed  under  every  reasonable  condition  that  can  be 
produced  in  the  laboratory  test,  and  besides,  it  will  be  sub- 
jected to  other  strains  arising  from  new  conditions,  such  for  ex- 
ample as  arise  from  increased  static  capacity,  distributed 
capacity,  and  inductance,  increased  kilowatt  capacity  of  gen- 
erators, auxiliary  oscillations,  reinforcement  of  higher  harmonics, 
disintegration  from  brush  discharge,  bugs,  dirt,  depreciation 
from  use,  and  so  on. 

At  the  same  time  as  stated  above,  all  the  elements  are  present 
on  the  line  which  could  produce  the  effects  of  the  laboratory 
tests.  For  example,  although  the  total  distributed  capacity 
and  the  total  inductance  of  a  transmission  line  may  be  such 
as  to  give  a  low  value  of  proper  frequeticy,  a  higher  frequency  is 
possible  by  segmental  oscillations  on  the  line,  as  on  a  violin 
string;  or  a  local  circuit  may  be  formed  of  small  capacity  and 
inductance,  or  high  frequency  may  come  from  a  neighboring 
spark,  an  arc,  or  cloud  lightning.  The  range  of  frequency 
which  must  be  considered  in  lightning  protection  lies  between 
zero  frequency  (direct  current)  to  about  one  billion  cycles 
per  second.  Within  this  range  there  are  certain  values  of 
frequency  which  may  be  counted  on  as  absent;  such,  for  ex- 
ample,   are    the    frequemics   between    zero    and    the   generator 
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periodicity,  and  also  those  frequencies  lying  between  the  odd 
multiples  of  the  generator  frequency  extending  over  a  con- 
siderable range  above  the  normal  frequency. 

The  quantities  of  electricity  involved  vary  from  an  im- 
measurably small  quantity,  through  the  range  of  comparatively 
small  quantities  tied  up  at  different  points  of  the  transmission 
circuit  in  the  form  of  electromagnetic  and  electrostatic  energy, 
into  the  range  of  comparatively  large  quantities  involved  in 
line-current  flow  over  an  arrester  subsequent  to  the  passage  of 
the  electrostatic  spark.  Up  to  the  time  the  line  current  starts 
the  energy  involved  is  inconsiderable,  but  the  power  is  usually 
enormous.  The  successful  arrester  must  be  arranged  to  discharge 
this  energy  at  its  natural  maximum  rate  of  discharge.  Any 
restriction  of  power  increases  the  risk  of  high-potential  strains. 

On  the  other  hand,  when  generator  current  follows,  the  almost 
incompatible  condition  of  restricted  power  and  energy  must 
be  introduced.  The  necessity  for  the  rapid  restriction  of  the 
passage  of  the  generator  power  will  become  more  evident  when 
the  laws  governing  the  conditions  of  non-arcing  qualities  of 
metals  are  considered.  This  part  of  the  subject,  including 
methods  of  testing  will  be  taken  up  later. 

Summarizing:  the  factors  of  immediate  interest  are  the  rise 
of  potential,  the  quantity  of  lightning  electricity,  the  proper 
frequency  of  discharge,  the  frequency  of  recurrence  of  the 
lightning  stroke,  the  power  of  the  lightning  stroke,  the  power 
and  energy  of  the  generator  discharge. 

The  subject  of  lightning  protection  is  particularly  difficult 
on  account  of  the  uncertainty  of  the  nature  of  lightning. 
Before  apparatus  can  be  properly  designed  we  must  know  what 
conditions  it  must  meet.  Following  is  an  attempt  at  a  de- 
tailed list  of  the  kinds  of  lightning  or  lightning  effects  to  be  found 
on  a  transmission  line. 

LiGHTxiNG  Effects. 

1.  Gradual  static  accumulations. 

2.  Sudden  static  induction  due  to  cloud  lightning. 

3.  Sudden  static  induction  due  to  charging  an  adjacent  line. 

4.  Sudden  electromagnetic  induction. 

5.  Direct  cloud  lightning  stroke. 

6.  Oscillations  due  to  grounding  one  phase  of  a  delta  system. 

7.  Surges  due  to  grounding  two  lines  throuj^h  arresters. 

8.  Surges  due  to  the  interruption  of  the  short-circuit  arc. 
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9.  Surges  due  to  sparks  between  a  line  and  an  isolated  con- 
ductor. 

10.  Surges  due  to  discharges  through  a  material  of  the  nature 
of  a  Branley  coherer  or  bad  porcelain;  also  wireless  telegraph 
waves. 

11.  Surges  due  to  the  short  circuiting  of  one  or  more  coils  of 
a  transformer  or  generator. 

12.  Surges  due  to  closing  a  switch  on  an  open  line. 

13.  Surges  due  to  closing  a  switch  on  a  transformer  at  any 
point  in  the  magnetic  cycle  but  the  right  one. 

14.  Surges  due  to  opening  a  switch  on  a  loaded  line. 

15.  Surges  in  three-phase  systems  due  to  third,  ninth,  and  fif- 
teenth harmonics. 

It  is  not  the  object  of  this  paper  to  treat  in  detail  the  fore- 
going enumerated  lightning  effects.  It  suffices  for  the  present 
to  classify  the  effects  according  to  the  frequency,  quantity  of 
electricity,  and  time  of  application,  and  attempt  to  reproduce, 
as  far  as  possible,  the  same  conditions  in  laboratory  tests. 

Methods  of  Test. 

First.     Direct-current  static  potential  test. 

Second.     Alternating  potential    from  an   alternator.     Time    of 
application  variable,  usually  long. 

(a)  At  alternator  frequency. 

(b)  Metallic  ground:  harmonics  to  about  the  21st. 

(c)  Arcing  ground:  high  frequency  (300000  cycles). 
Third.     Disrui^tive-stroke  test. 

Simple   disruptive -stroke   circuit,    direct-current    or 
alternating-current  discharge. 

Dielectric  spark  lag. 

Proper  frequency,  four  million  or  less. 

Time  of  application  of  potential,  short. 

Frequency  of  applications  of  potential  variable. 
Fourth.     Inductorium  test. 

100  000  cycles. 

Continuous  application,  or  variable. 
Fifth.     Half-wave  test. 

Electromagnetic   recoil — variable   unidirectional   po- 
tential. 

Time  of  application,  short. 
Sixth.     Arc-extinguishing  quality  test. 

Rectifying  limit  set  by  splashing  of  molten  metal. 
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First  Test:  gradual  accumulation  of  static.  These  static 
charges  on  the  line  are  due  to  the  wind,  rain,  etc.,  and  there 
seems  to  be  no  difficulty  in  conducting  them  to  earth.  There 
is  more  than  one  way  of  accomplishing  this;  one  of  the  sifnplest 
is  to  connect  three  transformers  Y,  and  ground  the  neutral. 

The  effect  of  steady  static  strain  on  insulation  can  be  repro- 
duced in  the  laboratory  by  direct  connection  to  a  static  machine 
Fig.  1.  As  a  matter  of  abbreviation,  this  machine-gap  is  in- 
variably designated  in  these  notes  as  the  (Q  gap. 

Second  Test:  the  second  method  of  test  (Fig.  2)  is  the  one 
usually  applied  to  dielectrics;  that  is,  direct  connection  to  the 
secondary  of  a  transformer  at  commercial   frequencies.     This 
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test  can  be  made  to  include  the  15th  enumeration  in  the  fore- 
going list  of  Hghtning  effects;  that  is,  the  3d,  9th,  and  15th 
harmonics. 

The  voltage  should  be  read  in  this  case  by  a  voltmeter  through 
the  transformation  ratio  and  also  by  needle  gap.  The  two  values 
may  be  widely  different  in  either  direction.  Attention  should 
be  directed  to  the  cause  of  the  difference. 

If  the  voltmeter  through  transformation  gives  a  voltage 
above  that  indicated  by  the  needle  gap  when  the  insulation 
ruptures,  it  can  almost  invariably  be  traced  to  a  leakage  of 
current  on  the  secondary.  This  current  will  affect  the  value  of 
the  ratio  of  transformation  by  an  amount  depending  upon  the 
regulation  and  the  kilowatt  capacity  of  the  tratisloitcv!^!.    Tcva 
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fault  is  eliminated  by  using  a  larger  or  better  transformer.  If 
the  fault  exists,  one  must  depend  on  the  needle  gap  to  give  the 
voltage.  If  there  are  no  high-frequency  oscillations,  the  needle- 
gap  voltage  can  be  depended  upon  within  a  few  per  cent.  This 
is  sufficiently  accurate  for  insulation  tests,  because  there  is  a 
wider  variation  in  the  dielectric  strength  of  the  same  material 
at  different  places,  due  to  the  lack  of  homogeneity. 

On  the  other  hand,  if  the  needle  gap  indicates  a  voltage 
greater  than  that  shown  by  the  voltmeter,  it  is  evident  that 
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high-frequency   oscillations  arc   present.     If   the   whole   circuit 
is  visible,  the  observer  will  see  the  cause  of  the  disturbance. 

Overflow  spark  streamers  or  corona  effect  produce  local 
surges  which  bridge  the  needle  gap  with  a  blue  brush-discharge. 
If  the  absolute  equivalent  needle  gap  is  to  be  found,  it  is  necessary 
to  increase  the  needle-gap  length  considerably.  The  amount 
of  corona  effect  depends  on  several  factors;  the  most  noteworthy 
are  relative  dielectric  strength  of  the  material,  the  impressed 
voltage,  and  the  size  and  dissymmetry  of  the  electrodes.  The 
effect  of  the  dissymmetry  of  the  electrodes  wr^o  strikingly 
brought  out  by  a  series  of  tests  undertaken  in  conjunction  with 


1906.]  CREIGHTON:  PROTECTIVE  APPARATUS.  371 

Messrs.  W.  S.  Moody  and  J.  J.  Frank.  In  these  tests  one  elec- 
trode was  a  flat  plate  and  the  other  a  sphere.  Static  streamers 
would  cover  more  than  two  square  feet  of  surface  without 
puncturing  the  insulation.  The  voltage  indicated  by  the  needle 
gap  was  at  times  25%  greater  than  the  voltage  by  voltmeter  and 
transformation.  The  question  arises,  which  voltage  to  take  as 
the  dielectric  strength  under  working  conditions?  The  answer 
is — neither.  The  discussion  of  this  involves  the  study  of  insula- 
tions with  potentials  applied  for  relatively  long  periods,  and 
consequent  gradual  disintegration.  Except  as  it  comes  under 
the  6th  enumeration;  that  is,  one  grounded  phase  on  a  delta 
system,  it  is  outside  the  scope  of  this  paper. 

Due  regard  to  details  will  save  much  time  in  testing. 

Dr.  C.  P.  Steinmetz  in  a  paper  before  the  Institute  in  1893 
showed  that  it  was  necessary  to  place  fresh  sharp  needles  in  the 
gap  after  each  arc  in  order  to  obtain  consistent  results.  The 
natural  variations  in  the  structure  of  most  insulators  is  consid- 
erable. 

To  get  consistent  results  the  average  of  a  number  of  tests 
must  be  taken,  and  the  renewal  of  needles  for  each  stroke 
would  make  the  test  endlessly  laborious.  To  avoid  this  labor, 
the  same  needles  are  used  continuously  or  renewed  only  occasion- 
ally. By  setting  an  automatic  trip -switch  in  the  primary  at 
a  current  value  slightly  above  the  excitation  of  the  transformer, 
and  attaching  thereto  the  field  switch  of  the  generator,  it  is 
possible  to  cut  off  the  energy  from  the  secondary  before  very 
great  damage  »'s  done  to  the  needle  points.  After  a  few  strokes 
the  needles  are  dulled  to  a  condition  that  they  will  retain  for 
a  considerable  time.  A  spark-gap  cur\'e  of  the  needles  in  the 
slightly  dulled  condition  is  taken  and  checked  from  time  to  time. 

In  the  foregoing,  the  high-frequency  oscillations  were  due  to 
the  testing  electrodes.  The  same  effect  on  the  needle  gap  can 
be  produced  by  oscillations  in  another  part  of  the  circuit.  The 
most  common  source  of  oscillation  in  practice  is  due  to  ground- 
ing one  of  the  wires.  Grounding  one  line  holds  it  continuously 
at  zero  potential ;  and  since  the  difference  of  potential  generated 
in  the  transformer  remains  the  same,  the  other  terminal  rises 
to  an  absolute  voltage  twice  as  great  as  in  the  condition  of 
no-ground.  Grounding  unbalances  the  internal  static  capacity 
of  the  coils  relative  to  the  core  and  earth,  and  a  condenser 
current  flows  to  the  earth.  The  value  of  this  condenser  current 
depends  upon   the   size   and  construction  of  the   transformer, 
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the  voltage,  the  upper  harmonics  in  the  generator  wave  of 
electromotive  force  relative  to  the  condition  of  resonance,  the 
auxiliary  capacity  external  to  the  transformer  static  capacity, 
and  the  continuity  of  the  ground-circuit. 

Internally  in  the  transformer  there  are  two  directions  in  which 
the  displacement  current  flows  from  the  primary  coil  to  ground: 
1st,  displacement  current  straight  from  primary  to  the  iron. 
If  the  transformer  case  is  insulated,  a  spark  can  be  obtained 
between  the  case  and  ground.  2d,  displacement  current  from 
secondary  to  primary,  thence  to  the  generator,  and  then  another 
displacement  current  through  the  generator  insulation  to  the 
ground.     This  is  a   condition   of   two   condensers   in   cascade. 

The  law  of  division  of  electromotive  force  between  the  two 
condensers  is  inversely  as  the  static  capacity  of  each.  Fortu- 
nately the  natural  conditions  of  construction  of  a  generator  gives 
it  a  capacity  much  greater  than  that  of  the  transformer,  and  its 
proportion  of  the  secondary  voltage  of  the  transformer  is  corre- 
spondingly small.  This  phenomenon  is  far  from  negligible  in 
the  shop  test  where  small  generators  are  sometimes  connected 
to  large  transformers.  Some  time  ago  while  making  grounding 
tests  on  lightning  arresters  we  were  charged  with  the  destruction 
of  the  insulation  of  a  500-kw.  generator  of  the  rotating-arma- 
ture  type;  sparks  jumping  from  the  end  of  the  shaft  through 
the  air  to  the  babbit-metal  bearing  were  observed  by  the  at- 
tendant. Since  we  had  taken  reasonable  precautions,  we  fin- 
ished the  tests;  the  regular  high-potential  test  was  then  applied 
to  the  generator,  and  the  insulation  was  normal.  The  remark- 
able thing  about  this  occurrence  is  the  unbroken  dielectric 
strength  of  the  lubricating  film  of  oil  in  the  bearing.  It  sug- 
gests a  method  of  ascertaining  the  condition  of  lubrication  in  a 
bearing.  I  recall  having  seen  some  insulation  tests  by  Dr.  A.  E. 
Kennelly  on  this  oil-film  resistance. 

Grounding  one  phase  of  the  generator  does  not  remove  en- 
tirely the  danger  which  may  arise  from  special  combinations 
of  generators  and  transformers,  because  it  is  possible  to  ground 
but  one  phase,  and  a  surge  of  high  frequency  may  start  from 
another  phase  and  be  compelled  to  discharge  through  the  im- 
pedance of  the  generator  coil.  It  is  better  to  trust  to  good 
lightning  arresters,  properly  adjusted,  placed  on  each  phase 
of  the  generator.  If  the  conditions  are  excessively  bad  there 
still  remains  a  slight  risk  due  to  local  surges.  Even  these 
local  surges  can  be  avoided  by  a  method  to  be  described  later. 
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Returning  to  the  consideration  of  the  harmonics  in  the  gen- 
erator wave,  resonance,  and  continuity  of  the  ground  circuit; 
we  find  if  the  ground  circuit  is  continuous  {i.e,,  no  arc)  that  the 
upper  harmonics  in  the  ground  current  wave  are  apparently 
reinforced  according  to  the  frequency  that  corresponds  to  the 
resonant  condition  of  inductance  and  capacity  in  the  equations 

A^  =  X ; or  -7^—    =  L  W 

It  may  be  stated  in  general  that  there  is  no  very  great  in-  • 
crease  of  needle-gap  length  due  to  a  metallic  ground.  This 
is  due  mostly  to  the  conditions  of  generator  design.  The  com- 
mercial alternators  have  comparatively  few  upper  harmonics  in 
their  voltage  waves,  and  these  harmonics  are  of  relatively  small 
value;  consequently,  although  the  capacity  and  inductance  may 
correspond  to  exact  resonance,  the  resistances  and  losses  involved 
usually  prevent  any  very  great  increase  in  potential  due  to  the 
reinforcement  of  a  harmonic  by  the  condenser.  Furthermore, 
since  the  resonant  point  is  very  sharply  defined,  the  chances  of 
accidentally  obtaining  the  right  capacity  for  any  particular 
harmonic  are  very  small.  Fig.  P  shows  an  oscillogram  of  the 
ground  current  taken  by  Mr.  L.  Robinson  for  the  writer.  There 
are  twelve  teeth  on  this  generator  per  phase,  and  it  will  be  noted 
that  the  n— 1=  11th  harmonic  is  reinforced.  Fig.  Q,  taken 
on  another  circuit  with  the  assistance  of  Mr.  C.  O.  Von  Danenberg,^ 
shows  by  its  wavy  nature  the  reinforcement  of  the  different 
harmonics  with  the  increase  of  capacity.  These  tests  were 
made  on  the  Schenectady  lighting  circuit.  The  electromotive 
force  is  measured  by  meters  in  effective  values.  The  needle 
gap,  however,  is  sensitive  to  the  maximum  value  of  electromotive 
force,  and  would  no  doubt  show  a  much  more  marked  effect 
than  a  voltmeter. 

If  in  Fig.  2  the  ground  is  made  by  the  formation  of  a  spark, 
or  arc  across  the  ground-switch,  this  arc  will  reinforce  the 
harmonics.  The  needle  gap  must  be  lengthened  as  the  arc  is 
drawn  out.  The  maximum  needle  gap  is  obtained  at  the 
maximum  ground  arc  length.  Figs.  5  and  T  show  the  effect 
by  means  of  oscillograms.  Oscillograms  in  Figs.  0,  S,  and  T 
are  all  from  the  same  circuit.  They  show  respectively;  metallic 
ground,  short  arcing-ground,  and  long  arcing-ground.  Aside 
from  these  harmonics  there  are  higher  ones  which  the  oscillo- 
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graph  is  unable  to  measure.  On  another  generator  and  trans- 
former, with  the  assistance  of  Messrs.  L.  H.  and  J.  B.  Peebles, 
these  higher  frequencies  were  measured.  They  were  of  the 
order  of  300000  cycles,  and  increased  in  frequency  with  the  in- 
crease of  the  gap  length. 

Since  the  needle  gap  as  a  potential  indicator  measures  max- 
imum values  of  voltage,  the  increase  in  the  values  of  needk- 
gap   voltage,   over  the   potential   by   voltmeter,   when   ground 


Fig.  F. 


oscillations  are  present,  may  be  satisfactorily  explained  by  the 
presence  of  the  peaks  of  the  upper  harmonics  superposed  on 
the  fundamental  wave.  Since  the  harmonics  oscillate  across 
the  fundamental  wave,  the  difference  in  the  effective  value  of 
electromotive  force  as  shown  by  the  voltmeter  will  be  small  com- 
pared to  the  percentage  rise  of  the  peaks  of  the  harmonics  over 
the  maximum  value  of  the  main  wave. 

When  a  multigap  connection  is  made  between  line  and  ground, 
the  frequency  rises  above  a  value  measurable  with  the  instru- 
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ment  we  have.  The  proper  frequency  from  the  calculated 
values  of  inductance  and  capacity  of  the  cylinders  is  of  the 
order  of  a  billion  per  second.  At  this  frequency,  spark  and 
brush  discharge  effects  are  produced,  which  lead  us  to  suspect 
that  frequency  may  have  something  to  do  with  the  spark 
voltage.     A  train  of  queries  is  brought  up  by   this  phenomenon 
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regarding;,'  the  exact  nalurc  of  conduction  of  electricity  when 
the  displacement  current  reaches  the  first  stage  of  luminosity. 
This  part  of  the  subject  has  a  practic^al  bearing  on  the  ques- 
tion; do  tlie  proper  oscillations  of  the  multigap  arrester 
weaken  the  insulation  of  the  electrical  a])paratus?  We  have 
been  unable   to  tind  weakening  of  the  solid  dielectrics  due  to 
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the  high  frequency  effects.  The  frequencies  are  so  high  that 
the  effects  are  local  in  character.  Something  more  about  this 
may  be  said  when  the  multigap  arrester  is  considered. 

The  effect  on  the  needle  gap  of  grounding  one  line  is  shown 
on  curve  sheet  2b.  The  upper  curve  shows  the  relation  be- 
tween kilovolts  and  spark-gap  length  when  all  extraneous  oscilla- 
tions are  eliminated,  so  far  as  possible.  The  second  curve 
shows  the  same  relation  when  one  Une  is  connected  metallically 


Fig.  S. 


to  the  ground.  The  lower  curve  shows  the  same  relation  when 
one  line  is  groimded  through  an  arc.  It  may  be  stated  ap- 
proximately that  if  an  alternator  is  the  source,  any  simple 
needle  gap  represents  a  range  of  voltage  of  at  least  100%  over 
the  minimum  voltage.  The  particular  value  of  voltage  in  this 
range  will  depend  upon  the  value  and  location  of  high  fre- 
quency oscillations  in  the  circuit.  These  oscillations  in  the 
above  case  depend  greatly  on  the  length  of  ground-arc. 
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Looking  at  this  phenomenon  from  a  converse  standpoint, 
an  experiment  can  be  made  in  which  the  gradual  increased 
tendency  of  needle-gap  spark  becomes  visible  to  the  observer. 
In  this  experiment  the  needle-gap  length  is  set  at  a  given  value, 
and  a  voltage  considerably  less  than  that  given  by  the  A.  I.  E.  E. 
spark  curves  is  impressed.  A  groimd-arc  is  then  gradually 
drawn  out  from  one  line,  and  a  brush-discharge  will  start  from 
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each  needle  and  increase  in  value  as  the  arc  is  lengthened. 
Under  a  different  condition  which  cannot  be  described  in  this 
paper,  it  is  possible  to  cause  the  brush-discharges  to  approach 
each  other  nearer  and  nearer,  and  finally  to  maintain  a  solid 
blue  brush-discharge  from  needle  point  to  needle  point  without 
the  passage  of  a  spark.  The  conditions  arc  unstable,  however; 
the  more  intense  part  of  the  brush  is  liable  to  turn  into  a  spark 
streamer.     This  is  indicated  at  times  by  a  tiny  yellow  thread 
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which  appears  in  the  brush.  At  other  times,  especially  if  the 
voltage  rises  somewhat,  these  yellowish  threads  of  light  snap 
into  a  discharge  familiarly  known  to  test  men  as  a  **  B.  D.  S.  I.'* 
(breakdown  at  short  interv^als).  This  B.  D.  S.  I.  spark  difTcrs 
from  the  ordinary  spark  at  a  needle  gap  in  not  causing  a  short 
circuit  of  the  transformer.  In  the  light  of  other  experiments 
on  disruptive  discharge,  the  explanation  of  the  phenomenon 
would  seem  to  be  as  follows:  at  the  initial  voltage  where  a 
brush-discharge  is  being  formed  into  a  spark,  or  rather  where  a 
spark  is  being  formed  in  a  brush-discharge,  the  change  of  ohmic 
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resistance  from  a  lii^'h  value  to  a  low  value  requires  an  ap- 
preciable time.  During  this  interval  the  electromotive  force 
has  receded  from  its  maximum  value.  The  resistance  drop 
and  the  voltage  drop  are  literally  racing  toward  zero.  The 
resistance  drop  gets  ahead  and  an  insii)i(l  arc  is  formed  which, 
however,  is  cxtinguislied  when  the  electromotive  force  wave 
passes  through  its  zero  value.  Tlie  same  t-ffert  can  be  caused 
in  the  multigap  arrester  by  means  of  a  synclironous  switch, 
described  below,  which  can  be  arranged  to  close  tlic  circuit 
on  the  decreasing  values  of  electromotive  force.     The  energy 
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loss  in  the  arc  is  too  small  to  aid  materially  in  establishing  the 
current  in  the  reverse  direction. 

In  the  above  case  the  blue  brush-discharge  damages  the  air 
insulation  and  the  needle-gap  spark  length  represents  a  danger- 
ous condition.  On  the  contrary,  however,  other  dielectrics  will 
conduct  the  same  value  of  brush-discharge  without  materially 
affecting  the  dielectric  strength.  The  time  of  application  in 
this  case  has  never  been  carried  beyond  an  hour.  Slow  dis- 
integration is  possible  under  constant  application  over  long 
periods  of  time,  but  the  subject  is  only  distantly  related  to 
lightning  conditions.  The  needle  gap  is  the  only  instrument 
that  has  been  relied  upon  to  give  maximum  values  of  poten- 
tial.     It   may  do  so  under  conditions  described  above;   if  so. 
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it  is  not  voltage  alone  we  want  to  know,  but  also  how  the  voltage 
is  produced  and  what  the  nature  of  the  insulation  is. 

Third  Test.  The  third  method  of  test  of  arresters  and  insula- 
tion is  the  disruptive-stroke  test. 

A  simple  disruptive-stroke  circuit  is  represented  in  Fig.  3. 

The  static-machine  gap  is  marked  G.  To  each  electrode 
of  the  machine  is  attached  one  or  more  static  condensers  Cj 
and  C^-  The  other  plates  of  each  of  these  condensers  is  joined 
through  a  high-resistance  path  designated  as  the  cliarging  re- 
sistance. Across  the  charging  resistance  is  placed  the  measuring 
needle-gap  Q. 

When  the  machine  starts,  the  combs  collect  the  static  elec- 
tricity  and    charge    the    electrodes,    one    positively    and    the 
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other  negatively.  There  are  two  displacement  currents  through 
the  dielectrics,  or  in  other  words  there  are  two  parallel  circuits 
of  condensers.  There  is  a  displacement  current  across  the  G- 
gap  and  its  vicinity,  representing  a  small  quantity  (q)  and  small 
energy  i  qV  stored  up  in  the  G^-gap  as  a  condenser.  The 
other  displacement  current  is  through  the  insulation  of  the 
condenser  Cj,  through  the  charging  resistance,  and  through 
the  insulation  of  condenser  Cj.  The  energy  in  this  circuit  is  rela- 
tively much  larger;  it  is  represented  as  before  by  the  equation 
iQV  or  i  C  V^,  where  C  is  the  capacity  of  the  condensers  C^ 
and  C,  in  cascade.  So  long  as  the  potential  V  across  the  G-gap 
is  increasing,  there  will  be  a  current  flowing  across  the  charging 
resistance.  Consequently  there  will  be  an  /  /?  drop  which  will 
appear  at  the  needle-gap  Q.  The  IR  drop  may  become 
sufficiently  great  to  cause  the  needle-gap  Q  to  brush  or  even  to 
spark.  This  is  a  condition  of  test  which  should  be  avoided 
in  general,  as  it  is  equivalent  to  making  the  Q-gap  smaller  by 
giving  it  a  considerable  degree  of  conductivity.  The  simplest 
cure  is  to  charge  slowly.  High  resistance  graphite  or  carborun- 
dtmi  rods,  if  used  as  charging  resistance,  should  be  closely 
watched.  They  heat  from  the  static  energy  and  change  their 
resistance,  and  furthermore  in  the  megohm  rods  some  action 
analogous  to  that  of  a  "  wireless  coherer  '*  may  be  present. 
When  the  condensers  are  fully  charged,  the  potential  across  the 
needle  gap  is  zero.  When  the  potential  V  across  the  6^-gap 
reaches  the  disrupture  value,  either  of  two  effects,  depending 
on  whether  a  spark  passes  at  Q  or  not,  takes  place. 

Assume  first  that  the  needle  gap  Q  docs  not  spark.  The 
machine  gap  G  will  be  bridged  by  a  weak  disruptive  spark  of 
an  oscillatory  nature  which  discharges  the  small  quantity  (q)  in  G 
as  a  condenser.  The  condenser  G  is  thus  short  circuited.  The 
bound  charges  in  the  condensers  Cj  and  C,  are  released,  and 
practically  che  full  potential  V  appears  across  the  charging  re- 
sistance and  the  needle-gap  Q.  Since  Q  does  not  spark,  the 
charging  resistance  commences  to  discharge  the  quantity  of 
electricity  in  the  condenser  at  the  rate  V/R  =  /'.  Since  in 
general  the  charging  resistance  is  high,  both  the  potential 
across  the  resistance  and  the  quantity  of  electricity  in  the 
condenser  decrease  along  a  logarithmic  curve  as  the  time  goes 
on.  The  condensers  do  not  have  time  fully  to  discharge  before 
the  spark  at  the  machine  gap  G  is  extinguished  and  opens  up 
the  circuit.    The  potential  that  existed  across  the  charging  re- 
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sistance  at  this  instant  now  reappears  at  the  machine-gap  G. 
Recharging  continues  from  the  static  machine,  and  the  cycle 
is  repeated. 

Assuming  in  the  second  plage,  that  the  needle-gap  Q  is  set 
at  a  value  that  allows  a  spark  to  pass  when  the  potential  from 
the  condensers  C^  and  Cj  is  applied.  There  is  a  vivid  white 
flash  at  both  the  machine-gap  G  and  the  needle-gap  Q,  accom- 
panied by  a  sharp  loud  report  that  makes  it  unmistakable 
with  the  first  condition.  The  resistance  in  the  main  condenser 
circuit  is  reduced  to  a  small  value,  thus  allowing  the  discharge 
to  become  oscillatory.  At  the  same  time  some  current  flows 
over  the  resistance,  depending  on  the  equation  /'  =  V/R  and 
drops  the  potential  slightly  at  the  terminals  of  the  resistance 
by  a  reduction  of  the  quantity  of  electricity. 

The  current  across  the  needle  gap  depends  upon  the  fre- 
quency, potential,  and  condenser  capacity. 

/,=  VCX27:N 
It  is  comparably  much  larger  than  the  current  over  the  re- 
sistance.    The  frequency  A^  of  oscillation  is  equal  to  - 


2  ;r  \/LC 

where  C  is  the  combined  capacity  of  C^  and  Cj ,  and  L  is  the 
inductance  of  the  circuit  through  G-gap,  Cj,  Q-gap,  and  €2-  This 
current  should  have  at  least  sulhcient  energy  back  of  it  to  tear 
a  considerable  hole  in  a  thick  piece  of  pressboard.  The 
oscillations  gradually  die  out  as  the  energy  is  dissipated  in  heat 
and  radiant  energy. 

Some  of  the  values  of  the  several  quantities  usually  used 
by  the  writer  are:  V  =  150  kilovolts;  7?  =  0.4  megohms; 
initial  current  over  the  resistance  0.4  amperes;  initial  current 
of  oscillatory  discharge  something  over  1  000  amperes,  and 
frequencies  from   four  million  per  second  down. 

Coming  next  to  the  subject  of  measurements,  it  is  desired 
in  this  case  to  measure  the  "  equivalent  needle  gap  "  of  the 
resistance.  The  term  equivalent  needle  gap  is  one  that  has 
been  so  loosely  applied  as  to  have  no  real  significance. 
Oliver  J.  Lodge  introduced  the  method  of  test,  in  what  he 
termed  the  alternative  path  experiments*.  The  equivalent 
needle  gap  may  naturally  be  taken  to  mean  that  the  needle 
gap  is  set  at  such  a  value  that  the  discharges  choose  the  needle- 

♦See  Lodge's  Lightning  Conductors. 
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gap  path  as  often  as  the  other  path.  This  is  a  quantity  which 
has  little  practical  value  in  lightning-arrester  testing.  The 
needle  gap  is  supposed  to  represent  the  value  of  voltage  that 
is  applied  to  the  insulation  by  a  disruptive  stroke.  What  we 
desire  to  know  in  the  case  of  an  arrester  is  the  value  of  the  needle 
gap  placed  in  parallel  with  it  such  that  the  needle  gap  will  never 
spark;  that  is  to  say,  it  is  supposed  to  measure  the  voltage 
limit  at  the  terminals  of  the  arrester.  Fig.  3a  shows  curv^es 
which  emphasize  the  difference  in  equality  and  limiting  values 
of  needle  gaps.  The  abscissas  represent  the  lengths  of  the 
machine-gap  G,  which  are  proportional  to  the  impressed  poten- 
tials, and  the  ordinates  represent  the  corresponding  values  of 
needle-gap  lengths.  The  upper  curve  is  the  limiting  or  ab- 
solute equivalent  needle  gap,  the  next  curve  below  is  a  favor- 
curve  in  which  the  spark  discharge  favors  the  resistance  ten 
strokes  to  one  over  the  gap,  the  lower  curve  is  a  reverse  favor- 
curve  in  which  the  discharge  favors  the  needle  ten  times  to  one 
over  the  resistance.  Lodge's  alternative-path  curve  should 
lie  midway  between  the  favor-curves.  There  seems  to  be  a 
certain  number  of  accidental  conditions  which  help  or  prevent 
the  spark  at  the  needle  gap.  There  is  fortunately  a  very  great 
consistency  in  the  recurrence  of  these  accidental  conditions,  so 
that  values  of  equivalent  needle  gap  can  be  checked  within  a 
few  per  cent,  if  the  other  conditions  relative  to  the  test  are 
reproduced.  Since  it  is  the  limiting  needle  gap  that  is  of  in- 
terest and  is  used  most  often,  it  seems  preferable  for  brevity's 
sake  to  use  the  term  equivalent  needle  gap  to  mean  the  limiting 
value;  i.e.,  the  value  of  needle  gap  that  will  just  not  take  a 
spark  in  50  disruptive  strokes.  Any  other  condition  may  be 
designated  as  in  the  favor-cur\^es  described  above. 

It  will  be  seen  from  the  curves  of  Fig.  3a  that  the  equivalent 
needle  gap  of  a  resistance  depends  upon  the  quantity  of  elec- 
tricity to  be  discharged.  The  quantity  of  electricity  in  this  case 
depends  upon  the  impressed  potential;  an  increased  quantity 
might  also  be  obtained  by  increasing  the  condenser  capacity. 
By  these  means  the  equivalent  needle  gap  of  resistance  lies 
anywhere  between  zero  and  the  value  that  will  cause  the  re- 
sistance to  spark  over,  according  to  the  quantity  and  voltage 
of  the  discharge. 

The  capacity  and  quantities  of  electricity  available  in  the 
laboratory  are  usually  quite  small  compared  to  the  same  quan- 
tities   on    a    transmission    line.     Nevertheless    the    laboratory 
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tests  are  of  importance,  in  that  the  relative  conditions  can  be 
roughly  compared  and  some  idea  formed  of  what  might  occur 
if  the  same  resistance  were  used  in  a  lightning  arrester  on  a  tranc- 
mission  line.     There  is  one  rule,  at  least,  that  is  safe  to  adopt 
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concerning  an  arrester;  viz.,  that  if  it  cannot  pass  the  laboratory 
tests  it  is  sure  tu  fail  sooner  or  later  on  the  Hnc.  The  ellect 
of  resistance  in  an  arrester  circuit  will  be  discussed  again  under 
the  heading  Dielectric  Spark  Lag, 


384 


CREIGHTON:  PROTECTIVE  APPARATUS.      [May  29 


There  is  another  factor  that  must  often  be  taken  into  account 
in  equivalent  needle  gap  tests  of  resistance,  \'iz.,  the  reactance. 
If  a  100  kilovolts  from  a  condenser  is  impressed  on  10  feet 
of  copper  wire,  each  foot  of  wire  will  have  a  drop  of  about 
10  kilovolts.  Care  must  be  taken  to  attach  the  needle-gap 
terminal  directly  to  the  resistance  and  not  back  on  the  leads. 
The  resistance  itself  should  be  arranged  in  the  form  in  which 
it  is  to  be  used.  The  ohmic  drop  can  be  separated  from  the 
reactance  drop  by  the  following  method:  take  the  equivalent 
needle  gap  of  the  resistance,  then  wind  a  heavy  copper  w4re  into 
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the  same  general  contour  and  take  the  equivalent  needle  gap 
of  the  wire. 

In  the  equation,  impedance  drop  =  v''(olimic  (lrop)-+  (reac- 
tance drop)^,  ^^^^'  im])edance  drop  is  represented  by  the  first 
value  above  and  tlie  reactance  drop  by  tlie  second.  Using  a 
known  resistance,  the  writer  has  chocked  the  aljove  method 
and  found  the  results  ap])roximately  correct. 

Dielectric  Spark  Lag,  As  soon  as  numerical  values  of  voltage 
and  resistance  were  used  in  the  tests  as  described  above,  dis- 
crepancies began  to  arise.  In  the  disruptive  stroke  tests  the 
voltage  represented   by  the  equivalent    needle    gaps  is  always 
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less  than  the  initially  impressed  voltage.  In  Fig.  3b  is  given 
the  logarithmic  discharge  curve  of  voltage  across  the  charging 
resistance  with  time  as  the  abscissa.  With  an  impressed  volt- 
age of  150  kilovolts,  the  needle  gap  had  to  be  set  at  a  length 
which  required  only  65  kilovolts  steadily  applied  to  cause  a 
spark.  It  seems  reasonable  to  asstune  that  the  interval  between 
150  and  65  kilovolts  on  the  curve,  is  a  measure  of  the  time  it 
takes  the  needle  gap  to  ionize  and  start  to  discharge.  The 
time  is  200  microseconds.  The  dielectric  spark  lag  varies 
greatly  with  the  materials  of  the  dielectric  and  its  condition. 
For  example,  oil  has  a  dielectric  spark  lag  much  greater  than 
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air.  Air  has  a  dielectric  spark  lag  which  depends  upon  the 
nature  of  the  light  which  falls  on  the  electrodes.  Hertz 
first  called  attention  to  the  effect  of  the  ultra-violet  light 
from  the  spark  at  the  machine  gap  assisting  the  needle  gap 
to  spark.  In  making  arrester  tests  it  is  necessary  to  avoid  these 
effects  by  placing  a  shield  in  such  a  position  around  the  machine- 
gap  G  as  to  screen  its  light  from  the  apparatus  under  test.  The 
inductance  of  the  arrester  circuit  adds  a  further  time-clement 
to  the  discharge.  An  arrester  must  be  so  placed  in  reference 
to  the  apparatus  it  is  to  protect  that  its  dielectric  spark  lag 
is  less  than  that  of  the  insulation  of  the  apparatus. 

Following  up  the  study  of  the  dielectric  spark  lag  we  learned 
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that  the  most  dangerous  condition  of  some  types  of  arresters 
is,  anomalously,  not  a  heavy  disruptive  stroke  but  that  stroke 
which  will  barely  cause  the  arrester  to  spark.  At  this  point 
the  eqtiivalent  needle  gap  of  the  arrester  is  a  maximum  and 
the  dielectric  spark  lag  is  also  a  maximum. 

Fig.  3d  shows  the  connections  for  test  of  a  simple  series  of 
gaps  between  insulated  brass  cylinders  and  also  shows  the 
characteristic  curves  of  the  equivalent  needle  gap  of  a  simple 
multigap  set.  It  will  be  noticed  that  the  equivalent  needle 
gap  curve  (using  increasing  G-gap  as  abscissa)  follows  the 
eqtiivalent  needle  gap  of  the  charging  resistance  up  to  3.2  in. 
then  suddenly  drops  to  a  little  more  than  a  half  the  maximum 
value  (1.8  in.)  and  retains  this  value  sensibly,  no  matter  how 
heavy  the  stroke.  The  arrester  gaps  do  not  begin  to  spark 
until  the  equivalent  needle  gap  curve  approaches  its  highest 
value.  This  test  makes  prominent  two  things:  first,  the 
necessity  of  designing  the  arrester  to  keep  its  equivalent  needle 
gap  within  the  safe  value  of  the  insulation  it  is  designed  to 
protect;  secondly,  the  necessity  of  noting  the  value  of  im- 
pressed voltage  that  starts  the  arrester  to  sparking.  The  im- 
portance of  the  initial  value  of  the  impressed  voltage  and  the 
dielectric  spark  lag  will  be  more  evident  in  tests  of  insulation 
to  be  described  below. 

If  a  resistance  be  added  in  series  to  the  multigap  the  equiva- 
lent needle  gap  curve  passes  over  a  peak  value  as  before  and 
drops  to  about  50%  of  the  peak  value,  but  instead  of  maintain- 
ing this  low  value  of  equivalent  needle  gap,  the  curve  gradually 
rises  again  as  the  quantity  of  electricity  increases.  So  far  as 
the  lightning  stroke  itself  is  concerned,  this  experiment  an- 
swers all  questions  regarding  scries  resistance  in  lightning-ar- 
rester circuits.  Any  series  impedance  is  detrimental.  The 
heavier  the  stroke,  the  smaller  must  be  the  impedance.  If  the 
secondary  line  effects  can  be  otherwise  avoided,  series  resistance 
should  be  eliminated. 

In  practical  testing  there  are  a  number  of  details  which  must 
be  considered.  The  first  and  foremost  is  that  the  equivalent 
needle  gap  docs  not  necessarily  measure  the  puncture  power. 
The  electrostatic  spark  and  the  electromagnetic  spark  differ 
considerably  in  this  respect.  The  recoil  of  a  lightning-ar- 
rester choke-coil  will  under  some  circumstances  give  a  long  jump 
spark  over  a  needle  gap,  but  with  solid  or  liquid  insulations  inter- 
posed the  same  potentials  do  apparently  no  harm.     Any  doubt 


1906.] 


CREIGHTON:  PROTECTIVE  APPARATUS, 


387 


regarding  the  puncture  power  of  a  stroke  from  the  apparatus 
should  be  initially  removed  by  placing  the  particular  insulation 
that  the  arrester  is  to  protect  in  the  path  of  the  discharge. 
If  the  insulation  is  punctured  on  the  first  stroke  there  can  be 
no  doubt  regarding  the  puncture  power.  In  this  respect  it  is 
well  to  note  that  the  energy  or  disruptive  discharge  must  be 
derived  from  the  condensers.  In  reducing  the  '*  proper  fre- 
quency "  of  the  circuit,  care  should  be  taken  always  to  keep 
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the  increase  in  capacity  j:yrcater  than  the  increase  in  inductance. 
Fig.  3e  shows  a  typical  circuit  involving  most  of  the  variable 
elements.  In  this  circuit  the  impressed  potential  can  be  varied 
by  the  machine-gap  G.  A  given  length  of  machine-gap  G, 
however,  does  not  always  represent  the  same  voltage.  Aside 
from  the  change  in  spark  voltage  due  to  pitting  of  the  elec- 
trodes, collection  of  dust  particles,  ultra-violet  rays,  etc.,  there 
is  another  cause  of  variation  which  must  either  be  guarded  against 
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or  allowed  for,  viz.,  the  frequency  of  stroke.  After  each  stroke 
the  atmosphere  between  the  G-gap  is  left  in  a  condition  of  ioniza- 
tion above  the  normal  state.  To  return  completely  to  a  normal 
state,  an  inter\'^al  between  strokes  of  several  seconds  is  some- 
times necessary. 

The  proper  frequency  can  be  lowered  by  increasing  the  ca- 
pacities (Ci  Cj  C3)  etc.,  and  the  inductances  (L^).  The  time  of 
application  of  potential  by  varying  the  charging  resistance 
(C.  R.).  The  protection  by  the  introduction  of  different  types 
of  arresters  at  (L.  A.)  each  carrying  its  own  inductance  and 
resistance  or  artificial  values  to  represent  the  line  connections. 
The  actual  insulation  to  be  protected  should  be  introduced 
with  an  inductance  L,  to  represent  lightning-arrester  choke-coils. 
An  equivalent  needle  gap  is  desirable  to  give  an  indication  of 
the  factor  of  safety  of  the  arrester,  i.e.,  the  puncture  voltage 
of  the  insulation  divided  by  the  equivalent  needle  gap  voltage. 
The  puncture  power  is  represented  by  the  combination  of  the 
machine-gap  (7,  the  capacities  (Cj  C,  C,)  etc.,  and  the  value 
of  the  charging  resistance  (C  R.).  The  stroke  frequency  is 
determined  by  the  speed  of  rotation  of  the  static  machine. 
It  is  affected  also  by  variation  in  the  machine-gap  G  and  the 
electrostatic  capacities. 

All  the  above  quantities  will  affect  the  results  of  the  tests. 
Variations  in  each  of  the  factors  would  give  an  infinite  number 
of  combinations.  Practically,  the  number  of  tests  can  be  re- 
duced to  a  reasonable  value  by  using  wide  variations  only  of 
factors. 

In  making  tests  of  equivalent  needle  gap  by  means  of  the 
disruptive  stroke  method  it  is  sometimes  necessary  to  have  im- 
pressed on  the  arrester  the  normal  voltage  and  generator  fre- 
quency. Assuming  that  arc-extinguishing  power  is  not  the 
desideratum  of  the  test,  Fig.  3f  shows  a  connection  which  gives 
all  the  static  effects  from  the  generator  without  risking  the 
insulation  of  the  generator  or  transformer  by  subjecting  the 
insulation  to  the  direct  stroke  from  the  static  machine.  The 
difference  in  circuits  3c  and  3f  lies  in  placing  the  charging  re- 
sistance in  series  with  the  transformer  leads  and  introducing 
a  condenser,  marked  '^auxiliary  condenser,"  in  the  figure. 
This  auxiliary  condenser  is  designed  to  store  the  static  energy 
which  comes  from  the  transformer,  and  introduce  a  low  resistance 
circuit  near  the  lightning  arrester  to  permit  of  local  surges 
taking  place  freely.     It  is  absolutely  esse^^tial,  however,  to  make 
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the  capacity  of  the  auxiliary  condenser  small  as  compared  to 
the  main  condensers  Cj  and  Cj,  or  the  potential  of  the  dis- 
ruptive stroke  will  be  very  sensibly  diminished.  The  sole 
object  in  this  application  of  the  transformer  is  to  put  the  ar- 
rester gaps  near  the  line  in  the  active  condition  in  which  they 
will  be  found  in  practice.      The  choke-coils  and  second  light- 
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ning  arrester  (L.  .l.)2  is  added  to  the  circuit  as  an  extra  safe- 
guard. 

Another  method  of  protecting  the  transformer  from  the 
disruptive  stroke  is  often  used  when  it  is  desirable  to  test  some 
unknown  arrester  apparatus  requiring  alternating  current. 
In  this  case  the   series    resistances    in  the    transformer    cir- 
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cuit,  as  shown  in  Fig.  3f ,  must  be  removed.  This  method  of 
sparking  an  arrester  may  be  called  the  double-discharge  method. 
The  circuit  connections  are  given  in  Fig.  3g.  Charging  resist- 
ance, if  used,  must  be  high  relative  to  the  voltage  of  the  trans- 
former. 

Instead  of  charging  resistance,  needle  points,  or  their  equiva- 
lent in  fine  wire,  may  be  placed  in  a  suitable  location  and  the 
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condensers  charged  up  through  brush-discharge.  One  preeau- 
tion  necessary  to  take  with  this  method  is  to  provide  a  dis- 
charge spark  powerful  enough  to  extend  in  both  directions 
across  the  arrester;  otherwise  one  condenser  will  discharge 
around  through  the  transformer. 

Following  are  two  selected  tests  which  show  the  characteristic 
behavior  of  two  insulating  materials  under  specified  conditions, 
(a)  Effect  of  a  niunber  of  disruptive  strokes  on  untreated  press- 
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board  insulation.  Before  the  disruptive-stroke  test  was  applied 
to  this  pressboard  the  normal  frequency  transformer  test  was 
applied  and  the  dielectric  strength  determined.  So  long  as 
the  initial  voltage  of  disruptive  stroke  was  not  greater  than  this 
value  no  damage  resulted,  but  when  the  initial  value  of  dis- 
ruptive stroke  was  raised  above  this  voltage  it  was  only  a  matter 
of  more  or  less  strokes  before  the  insulation  was  pierced — the 
greater  the  impressed  voltage  the  less  the  number  of  strokes 
required  to  puncture. 

The  side  of  the  problem  of  vital  interest  is  the  question  of 
protection.  Can  we  impress  on  an  insulation  a  voltage  that 
will  puncture  it  by  the  first  stroke  if  it  is  unprotected  by  an 
arrester,  and  then  place  an  arrester  in  multiple  and  determine 
the  degree  of  protection?  Instead  of  an  actual  arrester  a  gap 
of  variable  value  was  used  in  the  data  given  below.  In  the 
first  test  the  insulation  was  placed  between  needle  points  and 
a  needle  gap  was  placed  in  parallel.  In  the  second  test  the 
same  pressboard  was  placed  between  1.4-in.  spheres  and  a 
sphere  gap  used  in  parallel  as  protection.  These  tests  gave  very 
definite  results  from  which  curves  were  drawn.  I  take  from 
these  curves  the  following  values: 


No.  of  strokes  to 

Needle-gap 

Sphere-gap 

puncture. 

protector. 

protector. 

1. 

0.7  in. 

0.5  in. 

2. 

0.05  in. 

0.42  in. 

7. 

0.55  in. 

0.31  in. 

19. 

0.50  in. 

0.28  in. 

60. 

0.45  in. 

0.18  in. 

130. 

0.40  in. 

0.16  in. 

» 

0.35  in. 

0.15  in. 

These  tests  show  that  for  this  kind  of  lightning  stroke,  and 
an  arrester  with  an  equivalent  needle  gap  not  greater  than 
0.35  in.,  this  insulation  would  always  be  safe.  If  the  equivalent 
needle  gap  curve  for  increasing  potentials  and  quantity  of  elec- 
tricity does  not  rise,  i.e.,  remains  constant,  then  the  arrester 
will  be  safe  for  all  ranj:jes  of  quantity  and  potential.  The  ar- 
rester must  answer  also  the  requirements  of  the  other  tests 
herein  described  before  it  can  be  placed  in  the  class  of  a  uni- 
versal discharger. 

These  tests  show  also  that  an  arrester  may  be  giving  apparent 
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satisfaction  and  yet  allow  the  insulation  to  be  damaged  to  a 
certain  extent  by  each  stroke. 

The  arrester  designer  can  thus  state  with  considerable  defi- 
niteness  in  most  cases  just  how  little  insulation  can  be  protected 
by  a  given  arrester,  and  the  problem  is  for  the  apparatus 
designer  to  install  this  instdation  in  the  proper  place  in  the 
apparatus.  This  part  of  the  subject  would  not  be  complete 
without  mention  of  the  work  done  by  Mr.  W.  S.  Moody  in  the 
distribution  of  insulation  in  transformers.  It  has  greatly  light- 
ened the  arrester-man's  burden. 

There  are  methods  of  testing  the  risk  of  insulation  in  dif- 
ferent parts  of  the  windage  that  are  subjected  to  lightning 
stroke,  but  the  matter  is  too  much  involved  to  be  treated  in  this 
paper. 

(b)  An  experiment  with  an  oil  gap  subjected  to  disruptive 
stroke  which  shows  the  effect  of  frequency  of  stroke.  An  oil 
gap  between  spheres  had  impressed  upon  it  a  disruptive  poten- 
tial of  a  value  greater  than  the  dielectric  strength  as  determined 
by  steadily  applied  potential,  but  applied  for  an  interv^al  of  time 
less  than  the  dielectric  spark  lag  of  the  oil.  Upon  this  oil  gap 
was  impressed  different  frequencies  of  strokes,  with  the  following 
results: 


Strokes  per 

Punctures  of 

Per  cent. 

minute. 

the  oil. 

puncture. 

(). 

0. 

0. 

34. 

14. 

41. 

82. 

.",S. 

70. 

111. 

102. 

92. 

A  plausible  explanation  of  the  effects  found  in  this  experi- 
ment seems  to  involve  the  dielectric  spark  lag  and  the  selj- 
repairing  qiiality  of  the  dielectric.  Oil,  like  air,  will  repair 
the  insulation  if  the  potential  is  removed.  The  highest  density 
of  displacement  current  is  naturally  at  the  electrodes.  Even 
if  the  oil  lies  between  parallel  plates,  the  seat  of  the  energy 
must  be  the  electrodes,  and,  assisted  by  the  inevitable  uneven- 
ness  of  surface,  the  phenomena  of  failure  of  the  oil  as  a  dielec- 
tric should  start  with  the  electrode.  In  the  failure  of  the  oil, 
the  molecules  are  disrupted,  some  of  the  atoms  appear  as  a 
gas  and  the  remainder  remain  in  the  oil  in  the  form  of  some 
hydrocarbon  compound.     If  no  arc  follows,  no  visible  deposit 
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of  carbon  can  be  found  in  the  oil.  Since  this  gasification 
starts  at  the  electrodes,  and  the  potential  is  removed  before  a 
spark  passes,  it  is  necessary  to  wait  but  a  short  time  and  the 
oil  has  recovered  its  dielectric  strength.  If,  on  the  other  hand, 
a  stroke  follows  before  the  effect  of  the  preceding  stroke  has 
cleared  away,  each  succeeding  stroke  will  find  an  easy  path 
in  these  semi-conducting  layers  near  the  electrodes. 

The  effect  of  frequency  of  stroke  is  very  prominent  in  this 
experiment,  in  spite  of  the  fact  that  the  maximum  potential 
between  machine  electrodes  (the  G'-gap)  is  less  at  a  frequency 
of  111  strokes  per  minute  than  it  is  at  6  strokes  per  minute. 
The  explanation  of  this  difference  in  potential  is  made  in  some- 
what the  same  way  as  above — the  air  has  not  time  between 
strokes  fully  to  recover  its  normal  dielectric  strength. 

Fourth  Test:  The  fourth  method  of  test  is  that  of  the  inducto- 
rium  or  Thompson  transformer,  a  typical  circuit  of  which  is 
shown  in  Fig.  4.  The  inductorium  circuit  is  shown  inside  the 
rectangular  lines.  This  test  can  be  made  to  reproduce  fairly 
well  the  condition  of  a  transmission  line  with  a  phase  grounded 
through  an  arc. 

Fifth  Test:  Half-wave  Test.  This  is  a  test  to  which  no  at- 
tention has  been  given,  yet  it  is  of  importance  in  transmission 
work.     A  typical  half-wave  testing  circuit  is  shown  in  Fig.  5. 

The  test  has  for  its  object  the  reproduction  of  low-frequency 
surge  conditions.  In  introducing  this  method  of  test  the 
writer  had  in  mind  an  incident  of  a  test  he  made  two  years 
ago  on  a  33-kilovolt,  50-milc  transmission  line.  The  experi- 
mental work  was  done  on  an  idle  parallel  line  with  separate 
generators.  Induction  between  lines  carried  a  momentary 
surge  to  the  working  line,  and,  due  to  a  faulty  relay,  the  oil 
switches  on  the  main  line  were  opened  at  the  powerhouse.  The 
experimental  line  was  unaffected  by  the  surge.  Thirty  miles  from 
the  power  house  a  transformer  jumped  an  arc  9  in.  across  its 
leads.  Since  the  power  was  cut  off,  the  transformer  was  un- 
injured. This  seems  to  have  been  a  case  of  recoil  of  the  line 
and  transformer,  and  the  spark  was  transformed  into  an  arc  by  the 
energy  of  the  momentum  of  the  sub-station  synchronous  con- 
verters. 

Sixth  Test:  The  Arc-extinguishing  Quality.  Anyone  can  design 
an  arrester  that  will,  in  general,  protect  against  lightning  stroke. 
The  difficulty  lies  in  combining  the  protective  quality  with  that 
of  the  quiet  suppression  of  the  arc  which  usually  follows    a 
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lightning  stroke  over  an  arrester.  The  arc  does  not  always 
follow,  for  reasons  that  will  be  given  below.  The  arrester-man 
holds  the  unenviable  classical  position  between  the  devil  and 
the  deep  sea.  If  he  goes  too  high  with  the  number  of  units  or 
resistance  he  gets  a  shock  with  a  punctured  transformer;  if 
the  number  of  units  and  resistance  is  too  low,  it  is  a  burned- 
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up  arrester.     In  cither  case  the  transmission  system  is  usually 
shut  down. 

The  usual  method  of  suppressing  the  dynamic  arc  is  by  means 
of  a  number  of  series  gaps  between  brass  cylinders.  In  the 
light  of  recent  work  the  name  non-arcing  metal  applied  to  the 
brass  is  inappropriate.     Dr.  C.  P.  Steinmetz  has  pointed  out 
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that  it  is  a  rectifying  effect.  The  rectifying  power  depends 
upon  the  difficulty  met  in  reversing  the  arc  stream.  Once  estab- 
lished in  either  direction  the  current  flows  without  any  appre- 
ciable difficulty.  The  three  principal  materials  in  the  order 
of  their  rectifying  power,  are  zinc,  magnetite,  and  mercury. 
Zinc,  however,  is  not  the  best  material  to  use  in  an  arrester. 
This  is  due  principally  to  its  low-melting  temperature.  In  a 
lightning  arrester  the  rectifying  quality  is  obliterated  by  the 
splashing  of  the  molten  metal  across  the   air-gap.     There  is  a 
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very  definite  amount  of  energy  that  can  be  expended  in  each 
gap  during  a  half  cycle  of  the  generator  before  the  metal  will 
splash  across  the  gap  and  short  circuit  the  cylinders.  This 
energy  is  easily  measure-.!  with  a  ballistic  wattmeter.  In  early 
developments  of  power  when  the  generator  capacity  was  small 
and  regulation  poor  the  simple  multigap  arrester  worked  very 
satisfactorily,  due  to  the  drop  in  potential  and  the  limited 
energy.  With  the  increase  in  the  kilowatt  capacity  it  was 
necessary  to  increase  either  the  number  of  gaps  or  add  resistance 
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to  limit  the  expenditure  of  energy  at  each  gap  to  the  rectifying 
limit,  or  rather  to  the  splashing  point. 

It  is  not  the  object  to  discuss  the  multigap  arrester  in  this 
part  of  the  paper,  but  only  to  point  out  the  essential  conditions 
attending  rectification  and  give  a  method  of  test  of  the  same. 

In  testing  arc-extinguishing  quality  the  first  requisite  is 
sufficient  power  to  sustain  an  arc  over  the  simple  multigaps 
used.  The  second,  is  a  ballistic  wattmeter  to  measure  the 
energy  lost  per  stroke.  The  third  requisite  is  a  suitable  set  of 
resistances  to  use  in  parallel  or  series  with  the  multigaps.  The 
fourth  requisite  is  a  synchronous  switch.  This  synchronous 
switch  consists  of  a  rotating  insulating  arm  carrying  a  con- 
ductor which  sets  off  the  static  spark  at  any  desired  point  of 
the  electromotive-force  wave.  This  arm  is  carried  by  either 
the  generator  shaft  or  an  auxiliary   synchronous  motor. 

By  this  means  we  have  studied  the  discharge  which  follows  the 
static  spark.  Starting  with  the  zero  value  of  the  electromotive 
force  no  current  follows  the  spark.  With  twelve  gaps  in  series 
on  a  2  400-volt  circuit  it  is  possible  to  move  back  up  the  electro- 
motive-force wave  to  a  considerable  percentage  of  the  maximum 
value  before  the  line  current  begins  to  follow  the  spark. 

This  is  a  point  on  the  curve  as  definite  as  shown  in  the  oscillo- 
grams of  current  and  electromotive  force  in  an  alternating- 
current  arc  made  by  M.  A.  Blondcl  in  1898.  As  shown  in  these 
oscillograms,  the  current  is  extinguished  before  the  electromotive 
force  reaches  its  zero  value.  Since  the  current  at  this  point 
is  extinguished  as  soon  as  established,  the  energy  lost  will  be 
so  slight  that  the  cylinders  will  be  able  to  conduct,  the  heat 
away  and  radiate  it  between  strokes. 

If,  however,  the  synchronous  switch  is  carried  still  farther 
back  on  the  electromotive-force  wave,  the  current  will  be  of 
correspondingly  greater  intensity  and  duration.  The  maximum 
expenditure  of  energy  will  take  place  when  the  point  on  the 
rising  part  of  the  electromotive  force  wave  is  reached  where 
the  spark  just  causes  an  arc.  The  current  then  is  on  the  longest 
time  possible  in  the  half  wave.  Any  point  lower  on  the  electro- 
motive force  wave  allows  a  spark  to  pass  without  an  arc  follow- 
ing. These  tests  indicate  why  some  arresters  have  been  satis- 
factory for  long  periods  and  finally  bum  up.  It  is  a  case  of  the 
law  of  chance. 

There  is  another  piece  of  apparatus  that  is  desirable  to  have, 
viz.,  an  oscillograph  to  indicate  whether  the  arc  is  extinguished 
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at  the  end  of  the  first  half  cycle  or  not.  Since  taking  an  os- 
cillogram for  each  stroke  involves  considerable  time  and  some 
expense,  a  substitute  can  be  made  of  some  form  of  appar- 
atus utilizing  the  difference  in  the  electrochemical  effect  of  a 
direct  current  and  an  alternating  current.  If  the  ballistic 
wattmeter  deflection  has  once  been  noted  when  the  duration 
of  current  was  known  to  be  but  a  half  cycle,  neither  of  the 
devices  above  are  really  necessary  to  show  whether  the  current 
carries  over  more  than  a  half  cycle. 

Another  factor  affecting  the  arc-extinguishing  quality  is  the 
frequency  of  stroke.  Two  rapidly  succeeding  strokes  will  do 
more  damage  and  constitute  a  greater  risk  of  permanently  es- 
tablishing an  arc  than  a  dozen  or  more  strokes  at  intervals  of 
several  seconds.  The  required  severity  of  the  test  is  a  matter 
of  judgment.  It  would  seem  to  be  sufficiently  severe  to  de- 
mand that  the  multigap  arrester  extinguish  a  double  stroke  at 
least  once  without  excessive  damage  to  the  arrester,  and  that 
the  arrester  should  have  an  endurance  of  perhaps  a  thousand 
strokes  taken  with  such  an  interval  between  strokes  as  to  allow 
the  cylinders  to  radiate  the  heat  energy  from  the  arc. 

In  making  developments  it  is  expensive  to  bum  up  an  arrester 
each  time  the  inside  limit  of  arc-extinguishing  power  is  reached, 
consequently  a  series  of  tests  were  made  using  fuses  of  in- 
creasing sizes  in  series  until  a  limit  was  reached  such  that  the 
arrester  was  put  out  of  commission.  A  fuse  of  less  area  was 
chosen  that  would  "  blow  '*  when  the  arc  persisted  over  more 
than  a  half  cycle ;  it  was  an  indicator  of  molten  metal  splashing 
and  the  danger  point.  During  the  short  interval  of  a  half 
cycle  the  heating  is  confined  to  the  surface ;  and  although  the 
cylinders  would  be  damaged  if  left  on  the  circuit  they  are  not 
seriously  damaged  when  the  fuse  cuts  off  the  current. 

In  closing  this  paper  the  writer  wishes  to  take  this,  the  first 
opportunity  of  expressing  his  grateful  indebtedness  to  the 
assistance  received  (somewhat  directly  and  greatly  indirectly) 
from  three  engineers  with  whom  he  has  served  as  assistant  in 
the  past  few  years,  namely,  Dr.  F.  A.  C.  Perrine,  M.  Andre 
Blondel,  and  Dr.  C.  P.  Steinmetz. 


A  pap*r  prtttmted  at  ike  88//  Annual  Con- 
vention o/tke  American  Institute 0/ Electrical 
Engineers^  hfiltoaukee^  IVi*,^  Jf«^88-Sl«  1003. 

Copjright  1903.    B7A.LE.S. 


PROTECTIVE  APPARATUS  FOR  LIGHTNING  AND 
STATIC  STRAINS 


BY  H.  C.  WIRT.- 


There  seems  to  be  a  diversity  of  opinion  in  the  operation  of 
transmission  systems  regarding  lightning  effects  A  com- 
mittee of  the  National  Electric  Light  Association  made  a  re- 
port to  the  association  last  year  regarding  the  operation  of 
protective  devices.  The  committee  has  been  continued 
and  will  make  another  report  this  year.  This  indicates 
that  electric  service  is  interrupted  by  lightning,  and  a  desire  for 
improvement  in  protective  devices.  The  published  accounts  of 
protective  devices  usually  contain  little  regarding  actual  oper- 
ating results.  Each  account  is  generally  a  description  of  the 
arrester  and  the  principle  of  operation  as  regards  extinguishing 
the  dynamic  arc  which  follows  the  lightning  discharge. 
Information  that  would  be  of  great  value  to  operating  engi- 
neers is  the  result  secured  from  arresters  in  actual  service. 
But  little  has  been  published  in  this  regard. 

The  protection  of  high-tension  transmission  lines  is  par- 
ticularly difficult,  and  results  show  that  at  times  the  best  known 
types  of  arresters  for  this  work  fail  to  protect  the  system.  For 
the  protection  of  these  lines  the  most  common  types  of  arresters 
are  the  following: 

1.  Multigap  with  series  resistance; 

2.  Multigap  with  shunt  and  scries  resistance; 

3.  Multigap  without  resistance: 

4.  Horn-gap  lightning  arresters  without  resistance ; 

5.  Horn-gap  with  series  resistance; 

6.  Two  horn-gaps  in  scries  to  ground  with  resistance  shunting 
one  of  the  gaps. 
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7.  Water  stream  from  line  to  ground; 

8.  Overhead  grounded  wire. 

It  will  be  seen  from  the  above  list  of  lightning-arresters,  that 
all  make  use  of  resistance,  except  the  multigap  without  resist- 
ance (arrester  No.  3),  and  the  horn-gap  without  resistance 
(arrester  No.  4).  The  writer  has  had  experience  extending 
over  a  period  of  16  years,  with  several  types  of  arresters.  Two 
years  ago  it  became  important  to  make  a  study  of  the  entire 
situation  to  see  along  what  lines  it  would  be  promising  to  work 
to  develop  an  arrester  of  an  improved  type.  The  experience 
gained  during  recent  years  was  a  basis  for  the  investigation. 

In  the  study  of  this  problem  too  much  weight  should  not  be 
given  to  laboratory  tests;  for  the  reason  that  it  is  practically 
impossible  to  approximate  the  condition  of  a  transmission  system 
during  a  lightning  storm.  In  the  past,  some  arresters  which 
liave  tested  out  well  in  the  laboratory  have  failed  in  actual  opera- 
tion. The  laboratory  can  be  used  for  the  study  of  problems, 
but  the  actual  confirmation  of  results  should  be  secured  by 
trial  installations  on  several  transmission  systems.  We  should 
not,  therefore,  jump  at  conclusions  drawn  from  laboratory 
tests. 

The  effect  of  lightning  discharges  depends  upon  the  fre- 
quency, and  the  volume  of  current.  In  the  case  of  those  arresters 
using  scries  resistance  it  is  apparent  that  the  voltage  rise  around 
the  resistance  may  be  considerable,  depending  upon  the  amount 
of  current  passed;  and  this  voltage  rise  is  independent  of  the 
retardation  afforded  by  the  so-called  skin  effect.  My  ob- 
servation has  been  that  arresters  employing  series  resistance 
sometimes  fail  to  protect  the  apparatus.  I  believe  this  is  due 
to  the  rise  of  voltage  around  the  resistance,  together  with  the 
skin  effect.  By  making  the  resistance  low,  the  rise  of  voltage 
due  to  the  resistance  can  be  reduced.  Whether  an  arrester 
of  extremely  low  resistance  will  protect  remains  to  be  proved. 

Knowing  this  effect  of  series  resistance,  in  developing  a  new 
arrester  it  was  natural  to  study  the  operation  of  multigap 
arresters  without  resistance.  This  type  of  arrester  has  been 
very  generally  used  for  2  200-volt  circuits  with  six  gaps  to 
ground,  making  twelve  gaps  from  line  to  line.  Reports  obtained 
from  the  operation  of  these  arresters  show  that  they  occasionally 
short  circuit  and  hold  the  dynamic  arc,  so  that  fuses  of  even  100 
amperes  capacity  placed  in  circuit  with  them  have  been  blown 
during  the  discharge.  These  arresters  were  made  of  non-arcing 
metal. 
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From  these  reports  it  is  evident  that  some  changes  in  the 
design  of  this  arrester  had  to  be  made  to  make  it  satisfactory 
as  regards  Umiting  the  dynamic  current.  The  short-circuit- 
ing effect  can  be  decreased  by  increasing  the  number  of  gaps 
at  the  expense  of  making  the  arrester  less  effective  as  regards 
protection. 

It  is  known  that  disturbances  are  caused  on  a  system  by 
allowing  too  large  a  flow  of  current  across  arresters;  therefore, 
the  requirement  that  an  arrester  should  take  a  limited  amount 
of  dynamic  current  naturally  suggests  itself.  The  writer  con- 
sidered that  a  three-ampere  fuse  wire  placed  in  series  with  the 
arrester  should  not  be  melted  on  the  discharge  of  a  static  ma- 
chine across  the  gaps  to  start  the  dynamic  arc.  With  this  re- 
quirement in  view,  tests  were  made  to  see  how  many  gaps  would 
have  to  be  placed  in  series  properly  to  limit  the  current.  Dyring 
the  2  200-volt  test,  gap  after  gap  was  added,  until  48  gaps  from 
line  to  line  were  used  before  the  current  was  properly  Hmited.  A 
consideration  of  the  expense  and  size  of  this  arrester  showed  im- 
mediately that  it  would  be  uncommercial. 

Experiments  were  then  conducted  to  see  how  the  ntmiber  of 
gaps  could  be  reduced  by  the  use  of  resistance  in  shunt  to  some 
of  the  cylinders.  It  was  found  that  nine  gaps,  six  of 
them  shunted  by  carborundum  resistance,  would  limit  the 
current  to  the  proper  amount  so  as  not  to  blow  a  three-ampere 
fuse.  Usually  there  will  be  two  such  combinations  in  series, 
giving  18  gaps  from  line  to  line  with  12  of  these  shunted  by 
resistance.  Making  further  tests  on  this  arrester,  it  was  found 
that  low-voltage  discharges  from  a  Leyden  jar  would  pass 
through  the  series  gaps  and  resistance,  but  high- voltage  dis- 
charges would  pass  through  all  the  gaps,  thus  producing  an 
arrester  which  allows  a  direct  discharge  across  the  gaps  to 
ground  without  taking  too  large  a  dynamic  current.  It  is 
realized  that  the  lightning  discharge  itself  may  give  a  spark 
across  the  gaps  which  will  allow  greater  dynamic  current  to 
flow  than  during  the  Leydcn-jar  test.  The  amount  of  lightning 
current  can  be  determined  only  by  actual  tests  on  lines.  Five 
hundred  of  the  multigap  arresters  with  shunt  resistances  for 
2  200-volt  circuits  were  placed  in  serv'ice  last  season  and  oper- 
ated practically  without  trouble. 

As  lines  may  become  grounded,  cutting  out  half  the  protec- 
tion from  line  to  line,  to  withhold  the  dynamic  current  it  is 
desirable  to  make  a  single-pole  arrester  stand  the  full  voltage 


402  WIRT:  PROTECTIVE  APPARATUS.  [May  29 

of  the  circuit.  In  making  tests  on  non-arcing  qualities,  two 
single-pole  arresters  should  be  connected  in  series  and  these  con- 
nected directly  across  the  circuit,  so  that  the  full  voltage  will 
be  applied  at  the  terminals  of  the  combination.  It  is  usual 
to  test  arresters  by  discharging  Leyden  jars  across  the  gaps 
and  allowing  the  dynamic  current  to  follow.  If  the  arrester  is 
unable  to  break  the  dynamic  arc  it  will  soon  bum  up  or  blow 
fuses,  as  a  short  circuit  will  be  caused. 

In  a  test  of  this  kind  a  large-capacity  generator  should  be 
used  to  represent  commercial  conditions.  The  following  test 
made  in  this  manner  may  be  of  interest.  Arrester  (Figs.  1  to  3) 
consists  of  a  number  of  carbon  discs  separated  by  sheet  mica. 


Fig.  1. 

The  combination  shown  is  what  is  regularly  intended  for  2  200- 
volt  circuits.  Upon  the  discharge  of  the  Leyden  jar  the  ar- 
rester short  cinuited,  arcs  being  driven  out  from  the  discs 
with  great  violence.  The  c  aj)aeity  of  the  generator  was  400  kw., 
and  arresters  w^ere  tested  at  a  point  about  two  miles  from  the 
central  station.  Arrester  (Figs.  4  and  5)  is  the  standard  non- 
arcing  metal  arrester  with  (>  gaps  from  line  to  ground,  giving 
12  gaps  from  line  to  line.  This  arrester  blew  fuses  of  50-ampere 
capacity.  Arrester  (Fig.  0)  is  the  multigap  arrester  with  a 
carborundum  rod  shunting  some  of  the  gaps.  The  arrester  has 
9  gaps  from  line  to  ground,  (>  of  them  shunted  by  resistance, 
giving  18  gaps  from  line  to  line  including  12  gaps  shunted  by 


ld06.J  WIRT:  PROTECTIVE  APPARATUS.  403 

resistance.  This  arrester  did  not  blow  3-ampere  capacity 
fuses.  Arrester  (Fig.  7)  is  the  usual  type  designed  for  2  200 
volts,  having  two  series  gaps  with  series  resistance.  It  is 
noticeable  from  the  photographs  that  the  spark  between  gaps 
is  much  smaller  in  this  arrester  than  in  the  multigap  with 
shunt  resistance.  In  other  words,  the  dynamic  current  is 
limited  by  the  resistance,  but  this  resistance  may  also  sometimes 
unduly  limit  the  flow  of  the  lightning  current.  In  this  connec- 
tion a  few  cases  have  been  reported  in  the  use  of  the  arresters 
as  line  arresters  where  the  lightning  has  jumped  from  the  ter- 
minals of  the  carborundtmi  rods  to  the  iron  boxes,  particularly 
where  the  line  wires  enter  the  box.     During  the  season  a  few 


Fir..  2. 

arresters  have  been  reported  as  operating  in  this  manner.  The 
lightning  jiunped  from  the  terminals  to  the  iron  box,  a  distance 
of  about  }  in.  on  each  side,  making  a  short  circuit  from  line 
to  line  in  preference  to  going  through  the  carborundum  rod 
and  the  ground  connection  to  ground,  or  from  one  carborundum 
rod  through  the  gaps  to  the  other  carborundum  rod  and  line. 
This  can  only  happen  when  the  potential  built  up  across  the 
carborundum  rod  becomes  higli,  whether  skin  elTect  enters  in 
or  not  due  to  the  resistance  of  the  rod  when  a  large  current  is 
flowing. 

A  consideration  of  these  points  has  led  to  the  development 
of  the  multigap  shuntcd-resistanco  type  of  arrester.     If  the  bad 
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eflEect  of  series  resistance  is  admitted,  all  arresters  employing 
this  method  of  limiting  the  dynamic  current — such  as  water 
streams,  permanent  resistance  of  any  kind  from  line  to  line, 
series  resistance  and  the  solenoid  switch  arrester  which  has 
been  used  somewhat  for  2  200-volt  circuits  in  recent  years — 
will  be  ruled  out  of  consideration.  The  solenoid-switch  type 
of  arrester  is  arranged  so  that  upon  the  passage  of  the  lightning 
stroke  followed  by  the  dynamic  current,  the  solenoid  is  lifted 
and  a  momentary  air  break  is  made  in  the  circuit.  In  order 
to  limit  the  dynamic  current,  series  resistance  is  employed 
together  with  resistance  around  the  terminals  of  the  magnet 
to  shunt  the  reactance  of  the  magnet,  as  well  as  protect  the  mag- 
net itself  from  the  lightning  stroke.     Series  resistance  arresters 


Fig.  3. 

will  no  doubt  take  care  of  many  effects  of  low  voltage  and  low 
frequency,  but  my  observation  has  been  that  they  will  not  take 
care  of  all  effects.  Further  proof  of  this  can  be  cited  by  the 
observation  of  a  12  000-volt,  three-phase  arrester  .which  hap- 
pened to  be  installed  near  channel-irons  w^hich  were  grounded. 
When  the  lightning  stroke  came  into  the  station,  an  arc  jumped 
from  the  terminals  of  the  arrester  a  distance  of  4  in.  from  eac?i 
phase  to  ground  in  preference  to  passing  through  the  arrester 
to  the  ground  wire.  This  arrester  had  multigaps  and  series 
resistance. 

In  connection  with  the  protection  of  high-voltage  transmission 
circuits  the  new  points  that  have  developed  in  the  past  two 
^ears  are  the  following: 
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First,  the  effect  of  a  ground  on  a  three-phase  line  with  un- 
grounded neutral.  It  has  been  found  in  practice  that  when  a 
ground  connection  is  made  on  one  of  the  three  phase  wires, 
arresters  in  the  station  have  arced  over  as  far  as  the  multiplex 
connection,  i.e,  the  circuit  being  from  line  to  line,  and,  this 
voltage  being  maintained  continuously,  the  arrester  is  unable 
on  account  of  its  close  adjustment  to  break  the  dynamic  arc, 
so  that  the  cylinders  are  welded  together  and  the  resistance 
destroyed.  This  result  led  to  experimental  investigation 
and  it  was  found  that  approximately  double  potential,  as  deter- 
mined by  means  of  spark  gaps,  was  secured  from  a  line  grounded 
in  the  above  manner.  At  first  it  was  thought  that  the  line 
effects  were  the  cause  of  this  high  voltage,  but  the  same  results 


Fig.  4. 


have  been  secured  from  a  single  transformer  and  even  from  a 
high  potential  testing  transformer.  Apparently,  the  voltage  is 
of  such  high  frequency  that  it  is  not  shown  by  standard  types 
of  voltmeters  operated  from  secondary  of  transformer,  known 
as  ratio  voltmeter,  or  by  electrostatic  voltmeter,  and  was  dis- 
covered by  means  of  a  spark  gap.  It  was  found  that  this 
voltage  was  approximately  double  the  working  voltage.  It  is 
evident,  therefore,  that  when  lines  become  grounded  in  this 
manner  the  arrester  has  to  stand  approximately  double  poten- 
tial, so,  therefore,  it  may  be  desirable  if  possible  to  adjust  the 
arresters  so  that  they  will  not  arc  together  when  this  ground 
is  made.  The  writer  believes  that  this  effect  is  not  generally 
\mderstood  by  operating  engineers. 
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If  the  arrester  is  set  up  high  enough  so  that  when  a  ground 
occurs  the  static  voltage  will  not  go  over  it,  then  the  adjust- 
ment may  be  so  close  to  what  the  insulation  will  stand  that 
there  is  little  chance  to  protect.  If  the  insulation  factor  was 
placed  much  higher  there  would  be  greater  opportimity  for  the 
adjustment  of  the  arresters. 

A  consideration  of  the  above  point  brings  up  immediately 
for  discussion  the  question  of  grounded  Y  systems  as  com- 
pared with  systems  operated  with  ungrounded  Y,  or  delta 
connected.  With  the  grounded  Y  system  the  static  volt- 
ages are  not  created  when  a  ground  occurs;  for  in  such  a  case 
an  absolute  short  circuit  is  made  and  the  circuit  breaker  or  other 
protective  device  opens  the  line.  The  disadvantage  of  a  grounded 
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Y  circuit  is  that  any  ground,  unless  high  resistance  is  interposed 
between  the  ground  and  the  Y  at  the  station,  will  shut  off  the 
circuit  by  opening  the  circuit  breaker;  whereas  there  have 
been  cases  where  an  ungrounded  system,  either  Y  or  delta  con- 
nected, has  continued  to  operate  with  one  line  of  the  ground. 
In  discussing  the  above  points  with  operating  engineers  they 
seem  to  be  about  equally  divided  in  their  opinions  as  regards 
one  practice  or  the  other.  The  systems  in  California  are  quite 
generally  operated  with  grounded  Y,  but  in  that  locality  rain 
and  lightning  storms  are  very  infrequent.  Arresters  go  through 
entire  seasons  without  a  discharge  over  them,  so  that  I  think 
we  should  not  use  that  locality  as  an  example  of  what  would 
occur  in  Eastern  localities  where  thunder  storms  are  very 
frequent.     Plants  around  Salt  Lake  City  are  operating  some 
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in  one  way  and  some  in  another,  and  several  of  the  operating 
engineers  who  are  using  both  grounded  Y  and  delta  con- 
nected systems,  feel  that  the  delta  system  is  preferable  and 
will  use  it  in  future  extensions.  Another  important  point  in 
connection  with  lightning  protection  is  the  effect  of  short  cir- 
cuits on  the  system.  The  writer  had  placed  at  his  disposal  for 
testing  purposes  a  13  000-volt  system,  five  miles  in  length. 
Two  short  circuits  were  made,  at  different  times,  and  each 
time  apparatus  burned  out  on  the  system.  The  arresters  on 
the  system  were  not  of  the  improved  type  with  the  best  ad- 
justment. These  experiments  are  to  be  continued,  as  a  sys- 
tem ought  to  operate,  if  possible,  so  that  short  circuits  which 
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are  likely  to  occur  will  not  bum  out  apparatus.  In  actual 
service  short  circuits  have  occurred  in  some  cases  with  dis- 
astrous results.  Reports  have  reached  me  regarding  short 
circuits  caused  on  other  systems  which  have  not  burned  out 
apparatus. 

In  developing  the  design  of  the  shunt  resistance  type  of 
arrester  for  high  tension  transmission  systems,  the  following 
features  were  given  consideration: 

In  order  to  limit  the  dynamic  current  to  proper  value  a 
very  large  number  of  gaps  had  to  be  used.  In  the  New  Milford 
installation,  where  the  arresters  were  used  without  the 
shunt  resistance,  672  gaps  were  placed  in  series  from  line  to 
line  and  from  line  to  ground,  as  it  was  thought  that  this  num- 
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ber  would  be  required  to  prevent  a  short  circuit  on  the  sys- 
tem. It  was  discovered  on  test  that  the  Leyden-jar  discharge 
would  go  over  a  much  greater  total  distance  in  individual  gaps 
than  over  a  single-gap,  that  the  cylinders  had  very  great  electro- 
static capacity  and  that  the  breakdown  point  varied  as  regards 
the  size  of  cylinders,  width  of  gaps,  etc. 

The  theory  of  the  operation  of  this  arrester  is  that  the  cylin- 
ders are  charged  up  electrostatically  with  sufficient  voltage 
so  that  the  gaps  are  broken  down  in  succession,  passing  the 
charge  along  from  cylinder  to  cylinder  and  discharging  the 
whole  series  practically  instantaneously.  It  was  found  during 
the  tests  that  it  made  little  difference  whether  the  shunt  resist- 
ance was  connected  or  not,  this  test  being  made  with  l^yden 


Fig.  7. 

jars.  These  laboratory  tests  have  shown  that  the  low  voltage 
modera;te  current  discharges  go  through  the  series  gaps  and  re- 
sistance and  the  large  current  high  voltage  discharges  through 
all  the  gaps.  The  exact  adjustment  of  series  and  shunt  gaps 
had  to  be  determined  by  actual  ser\'ice  tests,  and  much  data 
is  being  accumulated  at  the  present  time  on  this  point. 

At  first  the  arresters  were  installed  without  any  resistance,  and 
even  in  this  condition  gave  a  remarkable  improvement  in  opera- 
tion over  the  arresters  of  older  type  having  distributed  series 
resistance.  No  arrester  in  any  sub-station  held  the  dynamic 
arc,  and  the  arresters  at  the  generating  station  held  the  dy- 
namic arc  only  three  times.     On  account  of  this  experience 
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the  shunt  resistances  have  been   added,  and  several  storms 
have  been  weathered  successfully. 

Non-Arcing  Metal. 

The  character  of  the  metal  used  has  much  to  do  with  the 
amount  of  dynamic  current  that  will  pass  through  the  arrester 
after  the  static  discharge.  Cylinders  of  uniform  size  were 
constructed  of  many  different  metals  and  alloys,  including  the 
so-called  non-arcing  metal  now  on  the  market.  Tests  were 
made  by  operating  an  arrester  with  12  gaps  on  a  2  300-volt 
circuit,  discharging  Leyden  jars  across  the  gap  while  the  ter- 
minals of  the  arrester  were  connected  to  the  live  line.  Fuses 
of  varying  capacity  were  placed  in  series  so  as  to  indicate  the 
smallest  fuse  that  could  be  used  without  melting,  thereby 
giving  a  fair  measure  of  the  non-arcing  property  of  the  metal. 
Cylindersof  aluminum,  of  zinc  and  of  alloys  of  zinc  fused  together 
readily,  whereas  cylinders  made  of  other  compositions  operated 
much  better.  With  the  best  alloy,  a  reduction  of  10%  in  the  num- 
ber of  gaps  could  be  made  compared  to  the  number  required  when 
ordinary  brass  rod  was  used  for  the  cylinders  with  the  same  dy- 
namic current;  the  value  of  the  non-arcing  metal  is  equivalent 
to  10%  of  the  number  of  gaps  used.  This  new  alloy  was  also 
found  to  be  about  5%  better  than  non-arcing  metals  previously 
used  in  arresters.  An  amalgam  of  mercury  was  tried,  but 
with  poor  results. 

Another  important  point  was  developed,  that  is,  that  the 
cylinders  should  be  well  insulated,  as  an  arrester  in  which  the 
cylinders  are  mounted  on  marble  had  an  excessive  breakdown, 
as  shown  by  the  equivalent  needle  gap  test,  whereas  the  same 
number  and  arrangement  of  cylinders  mounted  on  porcelain 
bases  had  a  low  breakdown. 

As  these  cylinders  when  arranged  in  a  straight  line 
with  600  gaps  for  33  000-volt  circuit,  would  give  an  arrange- 
ment approximately  45  ft.  long — too  large  to  place  in  the 
station — the  zig-zag  arrangement  of  cylinders  was  adopted. 
All  equivalent  needle  gap  tests  made  on  arresters  as  well  as  ser- 
vice tests,  have  been  with  the  cylinders  arranged  in  this  man- 
ner, and  the  arrangement  does  not  seem  to  introduce  objection- 
able reactance.  In  fact,  theoretical  consideration  of  the  de- 
sign has  shown  that  one  row  equalizes  another  so  that  there  is 
less  reactance  than  if  the  cylinders  were  in  a  straight  line. 
For  the  sake  of  convenience  and  compactness  the  "  V  '*  form 
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of  arrester  iinit  has  been  adopted,  no  connectors  between 
units  being  required,  as  with  these  units  a  gap  of  proper  width 
is  formed  between  the  last  cyUnder  of  a  given  unit  and  the 
first  cylinder  of  the  next  unit  of  the  series  by  merely  placing 
the  gaps  side  by  side,  thus  doing  away  with  connectors.  This 
type  of  arrester  for  2  200  volts  is  shown  in  Fig.  8,  and  for  35  000 
volts  in  Fig.  9.  There  is  an  advantage  in  the  grounded  Y 
system  in  the  arrangement  of  gaps  compared  with  the  delta 
system,  as  the  arresters  can  be  designed  for  58%  of  the  voltage 
between  line  and  ground,  thus  giving  a  lower  breakdown  from 
line  to  ground  than  w.ith  the  delta  system.  The  arresters  for 
the  grounded  Y  system  are  arranged  with  multiplex  con- 
nection, and  a  small  number  of  units  is  placed  between  multi- 
plex and  ground,  so  that  telltale  papers  can  be  used  to  indi- 
cate the  path  of  the  discharge. 

Use  op  Reactive  Coils. 

There  has  always  been  a  discussion  among  engineers  as  re- 
gards the  actual  utility  of  reactive  coils  placed  between  the 
lightning  arresters  and  the  generators  or  ripparatus  to  be  pro- 
tected. In  a  recent  installation  where  very  effective  reactive 
coils  having  a  large  number  of  turns  were  used,  the  discharge 
took  place  on  the  apparatus  side  of  the  reactive  coils,  from 
line  to  line;  so  that  in  this  case  the  reactive  coils  undoubtedly 
created  opposition  to  the  relief  of  the  system,  as  the  static 
disturbance,  originating  on  the  machine  side,  would  have  had 
to  pass  through  the  reactive  coils  to  reach  the  arrester.  In 
spite  of  the  use  of  reactive  coils,  there  have  been  a  large  num- 
ber of  installations  where  static  sparks  have  jumped  across 
the  windings  of  generators  and  transformers.  The  static 
strains  are  undoubtedly  of  both  high  and  low  frequency,  as 
Figs.  10  and  11,  showing  the  burning  out  of  two  potential 
transformers,  shows  clearly  that  the  breakdown  from  the  pri- 
mary to  the  grounded  secondary  occurred  on  various  coils 
located  at  intermediate  points  in  the  winding.  For  low  fre- 
quency effects,  reactive  coils  will  not  be  of  any  great  benefit, 
but  for  high  frequency  effects  they  may  be  very  desirable  and 
for  these  effects  comparatively  few  turns  of  wire  should  be 
sufficient.  In  many  installations  where  air  insulated  reactive 
coils  of  comparatively  few  turns  have  been  used,  beneficial  re- 
sults have  been  noted.  In  one  case  before  the  installation  of 
these  coils,  static  sparks  were  continually  jumping  from  con- 
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Fig.  8—2  000-volt,  double-pole.  form-U  lightning 
arrester  for  station  work. 
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Fig.  9. — 3  500-volt,  three-phase,  foria-V   multiplex  lightning-arrester 
with    double- blade    disconnecting    swVtcYies    lot    ^ -^iotvtv^oX^  TA>altU, 
rounded  circuits. 
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ductors  to  the  iron  frame  work,  but  after  the  installation  of 
these  coils  with  practically  no  other  change  in  the  installation 
the  jumping  of  static  sparks  has  ceased. 

Until  recently  the  common  idea  as  regards  the  effects  that 


Fig.  10 


are  takin^^  place  in  a  transmission  system  during  lightning 
storms  has  liccn  that  a  high  potential  wave  has  come  from  the 
outside  circuit  usually  a  considerable  distance,  to  the  station 
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and  discharged  to  ground  either  through  the  apparatus  or 
through  the  lightning  arresters,  and  that  by  the  interposition 
of  a  reactive  coil  between  the  lightning  arresters  and  apparatus 
the  lightning  discharge  has  been  repelled  to  ground  through 
the  arrester.  According  to  recent  experience  this  idea  of  the 
effects  in  a  system  is  incomplete  and  primitive.  There  is  good 
proof  to  support  the  view  that  considerable  effect  is  exerted 
by  the  electrostatic  capacity  of  the  entire  transmission  system — 
not  only  from  lines  to  ground  but  also  from  line  to  line,  as 
shown  by  the  discharges  through  multiplex  arresters  from 
line  to  line  without  any  discharge  to  earth.  At  all  times  during 
the  operation  of  a  system  there  is  a  condenser  effect,  and  the 
line  voltages  resulting  therefrom  are  apt  to  be  greatly  above 
the  voltage  of  the  generator.  The  lightning  disturbance  charges 
up  the  system  electrostatically  and  the  excessive  aggregate 
voltage  causes  a  discharge  to  pass.  This  discharge  may  occur 
on  the  lines  outside  a  station — from  line  to  line  over  cross  arms 
— for  example,  making  a  short  circuit  and  causing  a  surge  of 
dynamic  current  which  in  turn  breaks  down  apparatus  at  the 
station;  so,  that  although  there  would  appear  to  be  only  a 
remote  connection  between  the  high  voltage  manifestation  in 
the  apparatus  and  the  short  circuit  on  the  line,  one  is  really 
a  consequence  of  th^  other;  or  the  discharge  may  take  place 
from  line  to  ground,  thereby  setting  up  high  static  stresses 
between  line  and  line  in  the  station,  or  anywhere  else  in  the 
system,  and  giving  rise  to  high  voltage  oscillations. 

From  the  above  considerations  it  is  apparent  that  an  arrester 
must  be  able  to  take  disturbances  of  both  high  and  low  fre- 
quency and  of  considerable  current  capacity  as  well.  It  is 
believed  that  the  shunt  resistance  type  of  arrester  is  an  ad- 
vance in  the  art,  inasmuch  as  it  affords  effective  protection 
against  the  disturbances  of  widely  varying  character. 

Pole  Line  Protection  Overhead  Grounded  Wire. 
Mr.  J.  B.  Foote,  General  Superintendent  of  the  Common- 
wealth Power  Co.,  operating  a  very  extensive  system  around 
Jackson,  Mich.,  at  40  000  volts  potential,  has  furnished  the 
following  information  in  reference  to  the  protection  afforded 
by  the  overhead  grounded  wire,  the  system  being  operated 
practically  without  lightning  arresters  at  the  stations  : 

The  troubles  experienced  on  the  system  during  the  season  of  1905 
up  to  August  5,  were  as  follows: 
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May  4 — Lightning  came  into  the  Jackson  sub-station  and  burnt  off 
the  leads  on  the  step-down  transformer. 

May  5 — At  Albion  sub-station  lightning  entered  and  burnt  off  leads 
of  transformer  just  above  the  oil. 

May  11 — Lightning  struck  the  line  and  shut  the  rotary  down  for  a 
few  minutes  but  did  no  damage  to  apparatus. 

June  19 — Lightning  struck  the  line  and  burnt  leads  off  the  two  trans- 
formers at  Battle  Creek. 

July  19 — Lightning  struck  the  line  and  burnt  transformer  out  at 
Kalamazoo.  • 

On  June  29,  the  following  information  was  furnished:  "  We  have  had 
two  very  severe  storms  in  each  of  which  we  lost  several  rotary  con- 
verters and  burnt  the  high  tension  leads  off  the  transformer  just  above 
the  oil.  We  have  had  no  damage  whatever  to  our  pole  Hnes  nor  have 
we  had  any  damage  to  our  poles  or  cross  arms  since  we  installed  the 
ground  wire.  The  ground  wire  does  not  seem  to  afford  any  protection 
to  the  station  apparatus  where  the  lightning  strikes  in  the  immediate 
vicinity  of  the  plant,  but  does  afford  a  very  thorough  protection  to  the 
poles  and  other  supports." 

August  19 — Service  interrupted  for  two  minutes  during  lightning 
storm,  but  resulted  in  no  material  damage  to  apparatus  and  none  to 
the  pole  line. 

Many  cases  have  been  reported  where  poles  have  been  shat- 
tered by  lightning.  On  the  other  hand  several  large  trans- 
mission companies  have  operated  throughout  the  season  without 
losing  any  poles,  but  as  an  interruption  of  service  is  extremely 
objectionable  to  a  large  transmission  company,  some  protection 
against  the  shattering  of  poles  by  lightning  is  much  to  be  desired. 

Poles  have  been  well  protected  by  an  overhead  grounded 
wire.  Another  form  of  protection  would  be  to  run  a  wire 
down  the  side  of  the  pole,  from  the  top  to  a  ground  plate  be- 
neath the  pole.  Every  fifth  pole  should  be  grounded  in  this 
manner. 

A  photograph  of  a  pole  shattered  by  lightning  on  the  lines 
of  a  transmission  company  is  shown  in  Fig.  12. 

Another  accident  is  shown  in  Fig.  13  furnished  by  the  Spring 
River  Power  Co.,  Joplin,  Mo.  The  two  lower  wires  shown  are 
telephone  wires,  the  next  upper  wire  is  a  ground  wire  grounded 
every  fourth  pole.  Mr.  G.  E.  Hayler,  Superintendent  of  the 
Spring  River  Power  Co.,  has  furnished  me  the  following  de- 
scription of  the  condition  of  his  line  after  it  was  struck  by 
lightning: 

By  referring  to  the  sketch  you  will  note  the  construction  of  our  line, 
the  two  lower  wires  being  telephone  wires  and  located  approximately 
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twenty  k'vt  frotn  tlic  j^round.  The  next  upjK^r  wire  is  ;i  jjround  wire 
grounded  at  every  fourth  pole  and  approximately  five  feet  alx)ve  the 
telephone  wires.  Line  wires  are  spaced  42  inches  a]xirt  and  are  of 
\o.  4  hard  drawn  cupjK'r  supj)orted  on  Locke  No.  311  insulators. 

You  will  note  that  in  all  probability  li^htninK  struck  jKjle  No.  00  to- 
tally destroying,'  the  toji  of  same  and  leavinj;  only  a  stub  extending  as 
far  as  the  telephone  wires.  The  cross  arm  was  torn  from  the  pole  and 
hung  by  its  undamaged  insulator  to  the  south  wire.  The  wires  were 
not  burned  in  two  at  this  p<Ae,  although  both  of  the  other  insulators 
were  totally  destroyed.  Pole  \o.  04  had  one  insulator  broken.  Poles 
between  04  and  00  were  mf>re  or  less  slivered,  but  otherwise  not  dam- 


iMi-..   12. 


aged.  Polo."?  No.  80  aii«i  <SS  al.s«>  had  slivered  lops,  otherwise  not  dam- 
aged. I'ole  Xo.  S7  was  evidently  the  breaking  j>oint  of  the  ares  and 
possibly  this  j.k)1c  received  a  lightning  discharge.  At  any  rate,  the 
p<jle  is  quite  seriously  damaged  f.)n  to]).  The  toj)  insulator  was  shattered 
and  the  line  wire  l.>iirned  in  two  at  this  p(.)int.  the  line  wire,  of  course, 
falling  to  ground  on  lM)lh  si<les.  On  ]iole  .\'o.  «'.()  there  are  evidences 
that  the  current  junipet.l  ivnui  the  insuhitor  1o  the  cross  arm.  thence 
tiown  the   jxjle  to   tlie   L^roiiiul   wire. 

I  am  at  somewliat  of  a  loss  to  e\]>l.iiii  iiisl  wh\"  tlie  wire  burned  in 
two  on  pole  Xo.  JS7.  'i'lu-n*  i-.  not  '.-r.itu  n  nt  rx-.tUnei-  to  w.irrant  the 
belief  that  an  are  was  luasnt.iined  .it    tliis  j>oint   f(jr  any  j)eriod  of  time. 
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Had  this  been  the  case  the  pole  would  have  been  more  seriously  burned 
than  it  is.  We  have  had  several  cases  previous  to  this  experience  where 
poles  have  been  burned  off  due  to  lightning  discharges  starting  an  arc 
across  the  phases.  In  every  case  we  have  had  wires  burned  in  two  but 
in  each  case  the  point  of  breakage  has  been  on  a  pole  which  showed 
signs  of  a  violent  arc  continuing  for  some  length  of  time. 

I  regret  to  say  in  this  connection,  that  the  lightning  arrester  records 
made  on  the  night  that  this  accident  happened  are  exceedingly  incom- 
plete. Our  line  patrolman  seemed  to  be  incapable  of  understanding 
the  necessity  for  keeping  these  records  as  they  should  be  kept,  with  the 
result  that  after  the  storm  we  found  that  the  records  were  practically 
valueless  on  account  of  their  having  mixed  the  shunt  and  series  papers. 
As  a  matter  of  fact,  we  did  get  a  very  decided  discharge  through  the 
shunt  gaps  at  the  Lowell  station.  This  is  evidenced  by  a  set  of  three 
papers  which  I  am  positive  were  in  their  proper  position.  It  might  be 
interesting  to  add  that  we  obtained  very  marked  discharges  on  this 
same  occasion  across  our  arresters,  located  about  eighteen  or  twenty 
miles  from  the  power  station. 

In  reference  to  the  matter  of  ground  wires,  it  is  my  opinion  thdt  a  good 
ground  wire  is  an  excellent  protection  against  lightning.  I  am  con- 
vinced, however,  that  this  wire  should  be  placed  on  top  of  the  f)ole  above 
everything  in  order  that  it  may  take  the  brunt  of  the  lightning  dis- 
charge. Your  suggestion  as  to  ground  wire  running  to  the  top  of  every 
fourth  pole  is  a  very  good  one,  but  I  believe  the  better  plan  to  be  to  string 
a  wire  the  entire  length  of  the  line  and  ground  it  at  least  at  every  fourth 
pole. 

The  Commonwealth  Company  two  months  ago  completed 
the  installation  of  100  miles  of  66  000  volt  transmission  lines, 
constructed  as  shown  by  Fig.  14.  The  construction  is  standard 
for  both  40  000  and  66  000  volt  lines.  The  insulator  for  the 
grounded  overhead  wire  is  clearly  shown.  The  grounded  wire 
consists  of  a  No.  4  B  W  G  double  galvanized  solid  iron  wire, 
grounded  at  every  fourth  pole  by  a  piece  of  the  same  wire 
stapled  to  the  pole  and  terminating  in  a  flat  pan-cake  coil 
which  is  stapled  to  the  bottom  of  the  pole  before  the  pole  is 
set  into  the  ground. 

An  interesting  test  was  made  on  the  lines  of  the  Butte  (Mont.) 
Transmission  Company  by  providing  the  ground  connections 
of  the  overhead  wire  with  switches.  Tests  showed  that  the 
severity  of  the  discharges  over  the  arresters  in  the  station  with 
the  switches  open  was  very  much  greater  than  with  switches 
closed,  apparently  indicating  that  the  grounded  wire  reduced 
the  voltage  strain  at  the  station. 

Sufficient  data  has  been  secured  to  show  that  without  an 
overhead     grounded     wire,   or   a    ground    wire    running     down 
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every  fourth  or  fifth  pole,  poles  are  liable  to  be  struck  some- 
times and  service  interrupted,  so  that  in  all  large  undertakings 
it  would  seem  to  be  advisable  to  use  some  sort  of  pole  pro- 
tection. The  data  also  seems  to  indicate,  however,  that  this 
arrangement  will  not  fully  prevent  the    burning  out  of  ap- 
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Fig.  14. 


paratus,   and   additional    protective    devices  will   have   to   be 
used  in  connection  with  apparatus. 


LixE  Lightxixg-Arresters. 

It  has  not  been  the  practice  in  \\\^h  tension  transmission 
systems  to  install  arresters  on  the  Hne,  althoup^h  this  is  a  com- 
mon practice  with  2  200- volt  systems. 

In  connection  w-ith  the  New  Milfoni  installation,  after  lines 
had  been  struck  by  li^'htning  and  tlic  wires  severed,  a  line 
lightning  arrester  was  installed  so  that  the  effect  of  this  might 


1906.]  WIRT:  PROTECTIVE  APPARATUS.  421 

be  noted.  During  storms  these  arresters  discharge  as  freely 
as  the  arresters  at  the  station  or  sub-station.  As  this  indicates 
abnormal  pressures  on  the  line,  it  is  undoubtedly  good  practice 
to  use  line  lightning  arresters  at  points  on  the  lines  greatly 
exposed  to  lightning  effects.  In  order  to  follow  this  practice 
safely,  extremely  reliable  arresters  must  be  used  in  all  cases 
where  a  watchman  is  not  constantly  employed  to  patrol  the 
line.  I 


Fig.  15. — Form-V  lightning-arrester  current  and  potential  waves. 
Non-arcing  metal  cylinders.  15  air  gaps.  Instantaneous  current 
115,  115,  135  amperes. 

Line  to  Line  Discharges. 
The  idea  that  there  was  a  high  pressure  created  during  storms 
between  the  wires  of  a  line,  as  well  as  between  line  and  ground, 
was  first  advanced  about  three  years  ago.  Since  that  time 
additional  proof  has  been  secured  regarding  this  effect.  A 
large  number  of  telltale  papers  have  shown  that  the  pressure 
between  lines  has  been  equalized  through  the  arresters  without 
any  discharge  going  to  ground.  In  addition  to  this  proof, 
several  hundred  spark  gaps  adjusted  for  9  000  volt  breakdown, 
have  been  placed  on  2  200  volt  systems,  with  the  expectation 
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that  such  spark  gaps  would  break  down  only  infrequently. 
Much  to  our  surprise  reports  were  received  to  the  effect  that 
all  of  the  spark  gaps  had  discharged  during  storms,  showing  the 
high  voltage  between  line  and  line.  The  gaps  have  since  been 
adjusted  for  20  000  volts  breakdown  and  reports  of  operation 
are  now  awaited. 


Fig.  16. — ^Form-V  lightning-arrester  current  and  potential  waves. 
Standard  brass  cylinders.  15  air  gaps.  Current  and  potential 
waves.      Instantaneous  current  120  amperes. 


From  the  above  it  is  evident  that  the  arresters  should  be 
designed  so  as  to  limit  the  voltage  that  may  be  created  between 
line  and  line,  as  this  voltage  may  be  just  as  destructive  to  the 
insulation  as  the  high  voltage  that  is  created  between  line  and 
ground.     In  the  examination  of  telltale  papers,  it  has  been  noted 
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that  discharges  o£  greater  severity,  as  indicated  by  large  holes 
in  the  papers,  have  almost  invariably  occvirred  when  the  line 
had  discharged  to  ground,  whereas  the  line  to  line  discharges 
have  been  of  very  much  less  severity. 

Use  op  the  Oscillograph. 
It  is  well  known  that  switching  and  short  circtiits  cause 
high  voltage  effects.     It  is,  therefore,  evident  that  the  opera- 


FiG.  17. — Current  and  potential  waves.      Type-U  lightning  arrester. 
Instantaneous  current  17.22  amperes. 


tion  of  the  arrester  itself  at  the  time  dynamic  current  passes 
over  the  gaps  should  not  set  up  high  voltage  effects.  If  the 
current  is  broken  on  the  zero  point  of  the  wave  as  in  an  oil 
switch,  no  oscillation  will  take  place.  The  multigap  lightning 
arrester  as  shown  by  the  oscillograph  records  permits  the  cur- 
rent to  extinguish  itself  on  the  zero  point  of  the  wave.     The 
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records  also  indicate  the  amount  of  dynamic  current  that  has 
passed.  With  15  air  gaps  the  current  had  a  value  of  135  am- 
peres as  shown  on  record,  Fig.  15,  and  120  amperes,  Fig.  16, 
whereas  with  9  air  gaps,  6  of  them  shimted  by  resistance,  the 
current  value  did  not  exceed  18  amperes.  Fig.  17,  and  in  an- 
other test.    1.64   amperes.    Fig.    18.     The   amoimt  of  ciurent 


Fig.  18. — Current  and  potential  waves  of  type-U  lightning 
arrester  consisting  of  9  gaps,  G  of  these  shunted  with  a  resistance 
of  250  ohms.     Instantaneous  current  1.G4  amjxjres. 


that  passes  over  the  gaps  is  dependent  upon  the  point  on  the 
potential  wave  at  which  the  flow  of  current  begins,  that  is, 
whether  on  the  peak  or  near  the  zero  point  of  the  wave. 

Sections  of  armature  coils  which  have  been  burned  by  light- 
ning are  shown  in  Fig.  19.  The  discharges  occurred  between 
two  phases  to  frame  of  generator  and  the  discharge  was  evi- 
dently   line    to    line.     Representative    telltale   papers   showing 
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that  discharges  occurred  over  both  series  and  shunt  gaps  are 
shown  in  Figs.  20  to  24.  It  is  interesting  to  note  that  heavy 
discharges  are  those  which  go  to  groiuid  and  also  that  no  two 
lines  show  a  heavy  discharge  through  the  same  arrester. 

The  line  to  line  discharge  is  nicely  shown  in  Fig.  21  S.B.B. 

The  arresters  were  connected  multiplex  and  the  papers  have 
been  arranged  to  represent  the  same  arrangement.  The  single 
paper  is  the  one  that  is  placed  in  the  units  that  are  used  be- 
tween multiplex  connection  and  ground. 
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Discussion    on    **  Lightning-Arresters,"    at    Milwaukee, 
Wis..  May  29.  1906. 

H.  C.  Wirt:  Line  to  line  discharges  have  not  been  admitted 
by  some  authorities,  and  for  that  reason  I  present  additional 
data  to  that  presented  by  me  three  or  four  years  ago,  in  a  paper 
before  the  Institute.  In  Fig:  21,  the  four  papers  represent  the 
arrangement  of  the  arresters;  the  lower  one,  the  multiplex  con- 
nection. You  will  notice  the  lower  one  is  not  pimctured.  The 
other  punctures  were  made  by  voltage  effects  from  line  to  line. 
As  Mr.  Osgood  has  said,  the  consensus  of  opinion  expressed  here 
to-day  is  that  the  very  severe  discharges  are  from  line  to  ground; 
that  wherever  the  record-pape)*s  show  a  large  hole,  the  voltage 
stress  was  between  line  and  ground.  Whether  this  was  part  of 
the  actual  lightning  stroke  going  into  the  station  and  then  to 
ground,  we  do  not  know.  In  order  to  limit  the  dynamic  effect 
the  gaps  might  be  increased  or  the  character  of  the  metal  im- 
proved, and  therefore  a  great  many  tests  were  made  on  non- 
arcing  metal. 

C.  P.  Steinmetz :  Lightning,  an  interesting  phenomenon,  is 
of  great  importance  to  electrical  engineers,  an  importance  which 
is  rapidly  increasing  with  the  increase  of  long-distance  trans- 
mission. In  order  to  judge  properly  of  lightning  protective 
apparatus,  we  have  first  to  consider  what  is  expected  of  them. 
If  we  expect  that  merely  by  putting  lightning-arresters  in  sta- 
tions and  sub-stations,  we  will  protect  our  system  against  all 
lightning  disturbances,  I  think  we  are  mistaken.  No  such 
lightning-arresters  have  ever  been  built,  and  I  think  will  not  be 
built  for  some  time  to  come.  What  lightning-arresters  can  do 
and  should  do,  if  properly  designed,  is  to  protect  stations  and 
sub-stations  against  the  overflow  of  electrostatic  discharges, 
high  voltages,  coming  from  the  line,  but  not  to  protect  the 
system  as  a  whole.  For  the  latter,  we  shall  have  to  go  back 
even  to  the  preliminary  designing  of  the  system,  so  as  to  keep 
high-voltage  disastrous  lightning  phenomena  out  of  the  system 
as  far  as  possible. 

The  construction  of  a  transmission  line  is  not  merely  the 
mechanical  problem  of  erecting  poles  and  stringing  wires  over 
them;  it  is  also  an  electrical  problem,  and  the  electrical  feature 
of  the  problem  is  not  merely  the  selection  of  insulators  capable 
of  standing  the  transmission-line  voltage.  Long  before  that  the 
most  important  part  of  transmission-line  design  must  have 
been  completed:  it  is  to  locate,  topographically,  the  line  so  as 
to  be  exposed  as  little  as  possible  to  lightning  disturbances. 
Before  the  right  of  way  is  secured,  the  question  of  lightning  has 
to  be  considered  and  investigated,  and  that  is  not  done  at  present 
to  any  extent.  Certain  precautions  must  be  observed  in  design- 
ing a  power  house;  certain  precautions  must  also  be  observed 
in  designing  a  transmission  line.  In  either  case  the  design  has 
to  be  adapted  to  meet  existing  conditions.     Before  any  work 
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is  done  we  should  study  the  topography  of  the  country,  see  where 
lightning  troubles  are  likely  to  occur,  and  where  not ;  see  where 
we  can  pass  safely  through  a  long  valley  between  protecting 
hills,  and  where  we  have  to  cross  mountain  ranges  or  hills  at 
siunmit  level,  find  and  avoid  dangerous  places  as  far  as  possible; 
in  short,  use  sufficient  precaution  and  protection. 

Although  we  are  limited  in  this*  respect,  as  we  do  not  know  the 
country  perfectly,  we  can  frequently  judge  beforehand  the  most 
dangerous  places  from  the  topography  and  from  a  general  study 
of  the  country.  We  know  that  an  isolated  hill  or  a  hill  crossed 
at  summit  level,  is  dangerous.  Possibly  still  more  dangerous 
is  to  cross  a  hill  below  the  summit  level  on  the  western  slope ; 
this  is  liable  to  be  a  favorite  place  for  thunder  storms  and  light- 
ning. In  going  observingly  over  the  road  we  may  see  trees 
shattered  by  lightning;  and  by  consulting  the  records  existing  in 
the  country,  we  can  frequently  find  out  which  places  are  more 
dangerous  than  others.  If,  for  instance,  in  a  transmission 
system  the  main  line  from  the  central  power  house  immediately 
crosses  a  motmtain  divide  near  the  summit  level  on  the  western 
slope  without  any  protection  whatever,  it  is  hardly  fair  to  expect 
that  such  a  system  will  ever  operate  perfectly  satisfactorily,  and 
be  free  from  lightning  troubles,  whatever  lightning-arresters 
may  be  installed.  However,  the  usual  procedure  is  to  secure 
the  right  of  way  as  straight  as  possible  without  reference  to 
lightning,  and  then  erect  the  line.  Frequently  before  the  wires 
are  up  the  poles  are  shattered  by  lightning.  As  soon  as  the  line 
is  up  and  operating  the  lightning  troubles  commence.  Then  we 
install  all  kinds  of  known  and  unknown  lightning  protective 
apparatus  in  the  stations,  and  watch  alternately  the  lightning- 
arresters  and  the  other  apparatus  in  the  station,  or  both  at 
once — bum  up. 

What  I  therefore  desire  to  draw  attention  to  is  that  the  most 
important  part  of  lightning  protection  must  be  done  before  the 
pole-line  is  erected,  before  the  right  of  way  is  secured,  in  locating 
the  line  as  safely  as  possible. 

Furthermore,  in  the  construction  of  the  transmission  line  my 
opinion  is,  and  I  have  stated  so  before — and  recent  experience 
more  and  more  confirms  me  in  that  opinion — that  the  safest 
protection  is  a  grounded  overhead  wire,  covering  the  trans- 
mission line  throughout  its  entire  length.  But  such  a  grounded 
overhead  wire  must  be  above  the  transmission  wire  sufficiently 
high  to  protect  it  and  must  be  of  good  conductivity,  high  current 
capacity,  and  frequently  grounded.  It  is  not  so  necessary  to 
have  a  perfect  ground;  even  less  perfect  grounds  are  satisfactory 
if  they  are  frequent.  Infrequent  grounding,  no  matter  how 
good,  is  not  quite  satisfactory.  A  grounded  overhead  wire  does 
not  mean  the  stringing  up  of  a  light  telegraph  wire  anywhere 
along  the  transmission  line,  or  the  use  of  barbed  fencing  wire  of 
the  poorest  kind  of  steel,  as  used  by  fanners.  If  you  string  such 
wire  up  and  have  it  break  continually,  and  wrap  itself  lo\4ngly 
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around  the  transmission  wire,  you  will  get  more  trouble  than 
protection — and  deserve  it.  A  very  satisfactory  way  is  to  have 
a  galvanized  steel  cable  stnmg  from  pole-top  to  pole-top  at  a 
tension  greater  than  that  of  the  transmission  line.  This  cable  at 
the  same  time  serves  to  brace  the  transmission  line,  g^ves  a 
mechanical  protection  and  strengthening  of  the  poles,  so  that 
further  bracing  is  necessary  only  at  comers.  Superior  to  one 
grounded  overhead  wire  are  three  wires,  one  above  the  center 
of  the  line  and  the  others  at  the  two  sides  of  the  top  cross-arm, 
slightly  above  the  level  of  the  transmission  wires.  At  dangerous 
places,  such  as  crossing  a  divide,  it  pays  to  install  three  wires. 

An  objection  frequently  raised  against  the  overhead  groimded 
wire  is  that  the  transmission  wire  can  not  be  put  on  the  top  of 
the  pole,  and  that  therefore,  for  a  given  distance  of  the  trans- 
mission wires  above  ground,  a  longer  and  more  expensive  pole 
must  be  used.  I  believe  that  it  pays  to  put  money  into  the 
lightning  protection  of  the  transmission  line.  There  is  no  excuse 
for  using  as  short  a  transmission  pole  as  possible,  stringing  the 
transmission  line  on  the  top  of  a  pole,  and  then  complaining 
about  lightning,  and  finding  fault  with  lightning-arresters,  after 
you  have  economized  at  the  worst  possible  and  most  inexcusable 
place. 

Where  dangerous  locations  requiring  special  lightning  pro- 
tection are  encotmtered,  one  arrangement  which  has  met  with 
success,  and  which  is  advisable,  is  to  parallel  the  transmission 
line  by  local  lines,  short-circuited  secondary  lines;  for  instance, 
where  the  transmission  line  crosses  a  hill.  Such  hills  are  usually 
covered  with  trees.  A  good  practice,  then,  is  to  string  parallel 
to  the  transmission  line  and  as  near  as  possible  to  it  a  few  thou- 
sand feet  of  telegraph  wire,  merely  laying  it  across  the  tree-tops 
and  allowing  it  to  hang  to  the  ground.  Such  a  wire  lying  parallel 
to  the  transmission  line  and  sagging  to  the  ground  affords  a  good 
lightning  protection,  as  shown  by  the  frequency  of  its  being  struck 
All  these  features  require  consideration.  The  lightning  protec- 
tion of  a  system  is  an  important  engineering  problem  which  should 
be  considered  before  the  location  of  the  transmission  line. 

Assuming  that  the  transmission  line  is  located  at  the  rela- 
tively safest  place  regarding  lightning,  assuming  also  that  it  is 
protected  with  grounded  overhead  wire  of  good  conductivity 
and  frequently  grounded;  assuming  also  that  at  especially  dan- 
gerous places  additional  protection  is  secured — then  the  problem 
of  keeping  out  from  the  station  whatever  electrostatic  discharges 
may  still  occur  is  greatly  simplified.  Then  almost  perfect  pro- 
tection can  be  accorded  the  station  apparatus.  No  system  of 
grounded  overhead  wires  will  keep  atmospheric  discharges  en- 
tirely out  of  the  transmission  line.  If  a  pole  is  struck  by  a 
primary  stroke,  then  even  if  the  discharge  is  carried  to  the  ground 
through  a  grounded  wire  no  doubt  some  electrostatic  charge 
wnll  enter  the  main  transmission  line.  If  a  lightning  flash  passes 
parallel  to  the  transmission  Une,  there  will  be  a  secondary  cturent 
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induced  in  the  grounded  overhead  wire,  as  well  as  in  the  trans- 
mission line;  that  is,  a  sudden  impulse,  a  wave  of  very  steep 
front,  passes  along  the  line  toward  the  station.  But  even  then 
the  grounded  overhead  wire,  if  of  high  conductivity,  offers  a 
protection  against  any  such  impulse  passing  along  the  wire. 
The  grounded  overhead  wire  is  a  short -circuited  secondary  to 
the  discharge  as  primary,  and  so  very  rapidly  dissipates  its 
energy.  With  a  perfectly  insulated  transmission  system  any 
impulse  of  high  voltage  would  enter  the  station  relatively  little 
diminished;  but  with  grounded  wire  of  good  conductivity  the 
impulse  will  rapidly  dampen  out.  The  maximum  decreases,  and 
the  steep  wave  flattens  out  so  that  when  it  enters  the  station  it 
enters  as  a  single  impulse  of  moderate  steepness,  and  can  be  taken 
care  of  by  protective  apparatus. 

In  locating  the  transmission  line,  no  system  of  overhead  wires 
can  entirely  keep  electrostaiic  impulses  from  the  line.  It  means 
that  the  impulses  must  be  taken  care  of,  and  this  can  be  done  by 
a  system  of  lightning-arresters  in  the  station  and  sub-station. 

What  I  desire  especially  to  draw  your  attention  to  is  Mr. 
Creighton's  paper  giving  the  report  of  an  enormous  amount  of 
extremely  interesting  and  valuable  work  on  the  subject  of  high 
frequency,  Ligh-voltage  phenomena,  with  special  reference  to 
lightning  protection,  done  by  him  under  the  joint  auspices  of 
the  Union  College  and  the  General  Electric  Company.  This 
work  is  not  yet  completed.  Some  of  the  important  features 
shown  are  the  time-element  of  the  discharge;  that  the  striking 
distance  is  a  function  of  the  time.  This  applies,  however,  only 
where  frequencies  of  millions  or  billions  of  cycles  are  considered; 
that  is,  local  high-frequency  oscillations.  Then  a  spark-gap, 
to  break  down  and  exert  a  protective  influence,  may  require  a 
voltage  very  much  higher  than  the  nonnal  disruptive  voltage 
of  the  spark-gap;  in  other  words,  a  wave  of  very  steep  wave-form 
will  not  jump  across  the  spark-gap,  where  a  wave  of  flat  wave- 
form of  lower  voltage  will  jump  across;  and  a  voltage  suddenly 
applied  will  rise  to  values  much  higher  than  those  which  with 
a  slowly-applied  voltage  would  be  sufficient  to  jump  across  the 
spark-gap. 

A  further  interesting  feature  shown  in  Mr.  Creighton's  paper 
is  the  time-element  of  destruction.  The  usual  insulating  ma- 
terials will  stand  puncture  by  voltages  far  beyond  their 
disruptive  strength,  if  the  voltage  is  applied  only  a  short  time; 
but  frequent  puncture  of  this  character  ultimately  leads  to 
destruction.  This  is  a  rather  serious  problem  when  considering 
underground  cables,  as  affected  by  switching  and  other  methods 
of  operation.  We  may  imagine  that  the  cable  is  perfectly  safe, 
because  it  shows  no  puncture,  no  short-circuit  results,  while  it 
may  be  punctured  frequently  and  be  weakened  by  it.  A  single 
puncture,  if  due  to  a  liigh-frequency  oscillation;  that  is,  a  high 
electromotive  force  applied  for  a  very  short  time,  will  not  be 
followed  by  a  short  circuit  or  destruction,  but  a  succession  of 
such  punctures  will  ulMma^cly  destroy  the  insulation. 
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One  curious  feature  described  in  the  papers  in  connection 
^vith  the  multigap  arresters  is  the  apparently  enormous  striking 
distances  reached  by  moderate  voltages.  In  the  33,000-volt 
arrester,  over  600  gaps  of  ^Kr  in.  each  are  used  in  series.  ^  in. 
between  spheres,  depending  on  the  character  of  the  sphere,  re- 
quires somewhere  between  1,000  and  3,000  volts.  Assuming 
1,500  volts  per  gap,  600  gaps  would  require  900,000  volts,  and 
yet  60,000  volts  at  high  frequency  will  jump  across  the  whole 
system  of  600  gaps.  Here  is  a  system  of  spark-gaps  which  is 
selective  for  the  frequency;  that  is,  which  requires  at  very  high 
frequency  a  very  much  lower  voltage  to  discharge  than  at  low 
frequency.  It  is  discriminating,  somewhat  similar  to  the  con- 
denser. A  condenser  also  takes  a  larger  current  at  higher 
frequency,  but  the  difference  between  the  condenser  taking  care 
of  the  high-frequency  discharges  and  the  multigap  is  that  beyond 
the  voltage  limit  the  condenser  punctures  and  may  be  destroyed, 
and  the  multigap  jumps  across,  discharges,  and  then  recuperates 
again,  provided  the  dynamic  current  which  follows  the  discharge 
does  not  hold  long  enough  to  result  in  a  conflagration.  To 
avoid  the  latter  requires  the  use  of  a  large  enough  number  of 
gaps  in  series. 

This  selective  feature  or  discriminating  action  is  very  inter- 
esting, and  has  a  bearing  far  beyond  the  mere  Ughtning-arrester, 
because  I  believe  it  is  the  same  phenomenon  by  which  a  lightning 
flash  may  pass  through  distances  of  miles  without  requiring  a 
voltage  anywhere  near  what  you  would  expect  from  the  striking- 
distance  curve,  extended  to  distances  of  some  miles.  If  we  say 
it  requires  10,000  volts  per  inch,  then  a  lightning  flash  of  one 
mile  in  length  should  require  about  600  miUion  volts.  It  is  not 
probable  that  this  is  the  case,  and  I  believe  the  phenomenon  of 
the  lightning  flashes  is  of  the  same  character  as  that  observed 
on  the  multigap  arrester:  a  successive  series  of  discharges,  from 
point  to  point,  from  electrostatically  charged  rain-particle  to 
rain-particle,  the  capacity  of  the  successive  particles  producing 
a  very  high-frequency  oscillation,  and  so  resulting  in  a  successive 
breakdown. 

The  selective  action  of  the  multigap  Hghtning-arrester,  regard- 
ing frequency,  may  be  illustrated  by  the  diagrams  Fig.  1  to  3. 
Assuming  a  scries  of  gaps,  on  one  side  connected  with  the  ground 
Gy  or  potential  zero,  on  the  other  side  connected  to  the  line  L;  that 
is,  to  a  point  which  is  at  an  alternating  voltage.  At  a  very  low 
frequency  or  a  steady  applied  voltage,  the  potential  distribution 
from  line  L  to  ground  G  across  the  arrester  would  be  a  straight 
line,  1  of  Fii^.  3. 

If  then  E  -^  impressed  voltage  between  line  L  and  eround  G, 

■p 

n  =  number  of  gaps  in  series,  the  voltage  per  gap  is  — ,  and  if 

E  .  ^ 

—  is  greater  than  the  voltage  required  to  break  down  a  gap,  or 

the  disruptive  voltage  per  gap,  the  arrester  discharges.     Or  in- 
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versely,  if  r  =  disruptive  voltage  per  gap,  E  =  ne  is  the  mini- 
miim  voltage  at  which  the  arrester  discharges.  Or,  with  1,500 
volts  per  gap,  in  a  33, 000- volt  circuit,  33  gaps  in  series  gives  a 
discharge  voltage  of  33X1,500  =  49,500  volts,  or  50^;^  above 
line  voltage,  at  low  frequency  or  steady  stress;  that  is,  under 
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conditions  where  the  capacity  of  the  arrester  cylinders  is  neg- 
ligible. 

Entirely  dilTerent,  however,  are  the  conditions  at  very  high 
frequency,  where  the  effect  of  the  capacity  of  the  arrester  cylin- 
ders is  noticeable.     The  cylinders  of  the  multigap  arrester  ho-ve 
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a  capacity  against  each  other,  and  a  capacity  against  grotind. 
The  arrester  also  has  an  inductance,  appreciable  at  very  high 
frequency,  and  a  resistance  that  is  appreciable  even  without  the 
use  of  any  series  resistance  in  the  arrester  circuit,  since  at  very 
high  frequency  the  current  does  not  penetrate  into  the  metal 
of  the  cylinders,  but  passes  only  through  a  thin  surface  film,  of 
a  depth  of  about  a  thousandth  of  an  inch  at  10  million  cycles. 

The  multigap  lightning-arrester  thus  represents  a  circuit  having 
distributed  resistance,  inductance,  and  capacity,  differing  from 
a  transmission  line  by  having  distributed  capacity  of  two  kinds : 
series  capacity,  the  capacity  between  adjacent  cylinders;  and 
shunted  capacity,  the  capacity  of  the  cylinders  against  groimd, 
while  the  transmission  line  contains  only  the  latter  form  of 
capacity. 

Diagrammatically,  the  multigap  arrester.  Fig.  1,  can  be  rep- 
resented by  a  circuit  as  shown  in  Fig.  2.  Each  arrester  cylinder 
absorbs  a  charging  current,  which  is  proportional  to  the  frequency 
and  to  the  potential  difference  of  the  cylinder  against  ground. 
If,  therefore,  curve  I  I  Fig.  3,  represents  the  distribution  of 
potential,  against  ground,  along  the  arrester,  the  same  curve  I  I 
also  represents  the  charging  currents  of  the  successive  arrester 
cylinders. 

The  charging  currents  against  ground,  of  all  the  cylinders 
from  q  to  the  ground  Figs.  1,  2,  must  pass  the  gap  between  the 
adjacent  cylinders  p  and  q\  that  is,  the  charging  current  of  the 
condenser  represented  by  two  adjacent  cylinders  p  and  q,  there- 
fore is  the  sum  of  all  the  charging  currents  from  q  to  ground,  or, 
in  Fig.  3,  proportional  to  the  area,  between  q  and  G,  of  curve  I  I, 
and  represented  by  curve  III.  The  potential  difference  be- 
tween adjacent  cylinders  p  and  q  is  proportional  to  the  charging 
current  between  these  cylinders,  hence  also  represented  by 
curve  III,  and  the  potential  difference  of  cylinder  p  against 
ground  C,  or  curve  I  I,  then,  is  the  sum  of  all  the  potential 
differences  between  adjacent  cylinders,  from  p  to  G\  that  is, 
proportional  to  the  area  of  curve  I  I  I<  from  p  to  G. 

This  gives  a  curve  of  potential  difference  against  ground,  //, 
which  is  very  steep  near  the  lineL,  flat  near  the  ground  G.  If  the 
potential  difference  against  ground  were  a  straight  line  /,  as  at 
low  frequency,  the  charging  currents,  against  ground,  of  the 
cylinders  would  be  proportional  to  their  distance  w  from  ground 
Gy  and  the  potential  difference  between  adjacent  cylinders 
(curve  II),  proportional  to  u^\  hence  the  potential  difference 
against  ground,  or  the  sum  of  successive  potential  differences 
between  cylinders,  proportional  to  ii^\  that  is,  strongly  curved. 
Starting,  then,  with  a  curved  line  of  potential  distribution 
against  ground,  means  that  this  potential  distribution  varies 
with  a  higher  power  than  the  cube.* 

♦The  curve  of  potential  distribution  is  an  exppnential,  and  its  deriva- 
tion is  given  in  the  Appendix. 
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It  follows  herefrom  that  with  the  same  impressed  electromotive 
force  E  between  line  L  and  ground  G,  the  curve  of  potential 
distribution  is  very  much  steeper  at  the  line  side,  at  frequencies 
where  capacity  effects  are  appreciable,  /  /,  than  at  low  frequency 
or  steady  stress,  /;  and  the  po^ntial  gradient  or  the  potential 
difference  between  adjacent  cylinders  is  very  much  higher  in  the 
former  case.  Inversely,  the  same  limiting  potential  gradient, 
the  breakdown  voltage  between  adjacent  cylinders  at  very  high 
frequency,  is  reached  at  very  much  lower  voltage  than  at  low 
frequency.  Hence  a  much  larger  number  of  cylinders  can  be 
used  at  very  high  frequency,  and  still  the  discharges  take  place 
freely  at  a  voltage  far  lower  than  the  voltage  which  at  low  fre- 
quency would  be  sufficient  to  discharge  across  a  far  lesser  nimi- 
ber  of  gaps. 

At  high-frequency  impressed  voltage,  as  soon  as  the  break- 
down voltage  is  reached  at  the  first  gap  on  the  line  side,  this  gap 
discharges  and  so  puts  line  potential  on  the  second  gap;  this 
breaks  down,  and  thus  successively  the  discharge  passes  from 
the  line  over  gap  after  gap,  either  to  ground  or,  if  not  sufficiently 
powerful,  gradually  tapers  out,  just  as  frequently  observed  on 
lightning  flashes  between  clouds.  At  the  end  of  the  half-wave 
of  machine  electromotive  force  of  low  frequency  the  arcs  between 
successive  cylinders  extinguish,  and  can  not  start  at  the  next 
half-wave,  due  to  the  rectifying  character,  or  undirectional  con- 
ductivity, of  a  low-temperature  metal  arc.  The  interesting 
result  then  follows,  that  even  with  an  intinite  number  of  gaps 
from  line  to  ground,  the  potential  difference  between  adjacent 
cylinders  near  the  line  terminals  is  finite;  and  so  at  the  definite 
impressed  voltage,  a  discharge  takes  place  into  an  arrester  con- 
sisting of  an  infinite  number  of  gaps. 

It  also  follows,  as  the  effect  of  the  capacity  against  ground, 
that  if  a  large  number  of  cylinders  are  connected  between  two 
lines  a  and  L\  with  the  middle  point  of  the  cylinders  c  grounded, 
and  the  ground  c  then  disconnected  and  point  b  grounded,  the 
potential  gradient  along  the  cylinders  is  entirely  changed,  be- 
comes practically  zero  at  b,  and  more  than  twice  its  former  value 
at  a,  and  so  a  discharge  takes  place  from  a  to  6,  with  the  ground 
on  b,  while  no  discharge  occurs  with  the  ground  on  c,  although 
in  the  discharge  circuit  from  line  a  over  arrester  to  line  b  no 
apparent  change  takes  place.  This  explains  the  flashing-over 
of  lightning-arresters,  which  frequently  takes  place  when  one 
line  grounds,  without  any  increase  of  potential  difference  be- 
tween the  lines. 

The  muUigap  lightning-arrester  so  discriminates  in  favor  of 
high  frequencies,  tliat  very  high-frequency  oscillations  discharge 
at  a  voltage  far  lower  than  the  normal  low-frequency  line  voltage, 
over  such  a  large  number  of  gaps,  that  even  without,  or  with 
practically  no  series  resistance,  the  low-frequency  hne  voltage 
can  not  maintain  an  arc  across  the  gaps,  and  so  no  need  exists, 
by  the  use  of  high  series  resistance  to  assist  the  arc-rupturing 
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power  of  the  gaps,  at  a  sacrifice  of  discharge  capacity.  The 
danger  of  producing  an  oscillation  by  the  low-resistance  dis- 
charge, seems  obviated  by  the  non-arcing  character  of  the  short 
metal  gaps,  which  rupture  the  circuit  at  the  zero  value  of  current ; 
that  is,  on  the  principle  of  the  arc  rectifier  do  not  permit  a  reverse 
current  to  start. 

With  a  very  large  number  of  gaps,  of  a  total  length  several 
times  greater  than  the  striking  distance  of  the  low-frequency 
line  voltage,  the  mere  multigap  offers  little  protection  against 
a  steady  electrostatic  stress  or  a  low-frequency  voltage.  It  is 
therefore  necessary  to  shunt  a  very  large  number  of  gaps  with 
a  moderately  high  resistance,  leaving  unshunted  only  sufficient 
gaps  to  hold  back  the  line  voltage.  That  is,  with  a  disruptive 
voltage  of  e  per  gap,  and  an  impressed  voltage  E  on  the  line, 

1  5  E 
allowing  50%  margin,  — gaps  would  remain    unshunted,  to 

take  care  of  low-frequency  and  steady  stress,  while  the  remaining 
gaps  become  active  at  high-frequency  oscillations. 

Naturally,  even  such  a  lightning-arrester  cannot  completely 
protect  the  system  from  low-frequency  high-power  surges,  such, 
for  instance,  as  occurred  when  the  boy  threw  the  umbrella  into 
the  lines.  I  do  not  think  we  have  any  certain  means  of  protec- 
tion against  this  sort  of  thing.  They  are  oscillations  of  such 
low  frequency  that  no  reactive-coil  could  take  care  of  them.  With 
voltages  infinitely  high,  currents  of  the  magnitude  of  the  short- 
circuit  current  of  the  system,  the  only  possible  way  seems  to 
short-circuit  the  system  by  a  dead  metallic  short  circuit.  Then 
the  oscillation  will  disappear;  but  that  means  a  shutdown.  I  do 
not  wish  to  be  misunderstood ;  I  do  not  mean  to  say  that  a  short- 
circuiting  arc  on  a  long-distance  transmission  system  always 
results  in  a  destructive  low-frequency  surge;  on  the  contrary, 
most  short  circuits  are  probably  relatively  harmless,  but  occa- 
sionally a  short  circuit  by  a  flaring  arc  results  in  a  low-frequency 
surge,  which  makes  up  in  destructiveness  for  the  harmlessness 
of  many  short  circuits  which  may  have  preceded  it. 

P.  H.  Thomas:  Perhaps  the  most  interesting  subject  sug- 
gested for  discussion  is  the  question  of  shunt  resistance  in  light- 
ning-arresters, and  I  shall  take  a  few  minutes  to  tell  something  of 
some  experiments  I  have  made  in  connection  with  such  appar- 
atus, which  may  throw  additional  light  on  its  action. 

The  original  idea  is  of  quite  an  old  date.  The  question  is 
how,  by  the  use  of  shunt  resistances,  to  extinguish  the  dynamic 
arc  which  follows  through  a  lightning-arrester  after  its  discharge. 
A  study  of  the  non-arcing  power  of  a  multigap  arrester,  as  ex- 
plained in  the  second  paper,  shows  that  an  individual  gap  seems 
to  have  a  certain  definite  power  of  extinguishing  an  arc ;  in  other 
words,  that  an  arc  involving  a  certain  amount  of  energy  or 
current  will  be  suppressed  at  the  end  of  the  first  alternation, 
or  at  the  end  of  two  or  three  alternations,  wliile,  with  a  larger 
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amount  of  energy,  the  arc  will  so  heat  the  cylinder  or  otherwise 
affect  it  that  the  arc  will  continue. 

In  studying  this  phenomena,  I  found  certain  laws  governing 
the  non-arcing  power.  These  results  showed  that  the  non- 
arcing  power  is  very  much  reduced  in  circuits oi  large  power; 
therefore,  to  insiu*e  that  the  worst  conditions  should  be  observed, 
experiments  were  made  in  a  number  of  places,  including  Niagara 
Falls,  where  work  was  done  on  two  of  the  5000-h.p.  generators 
parallel,  showing  there  was  ample  capacity  behind  the  circuits 
to  give  us  the  worst  conditions  we  could  expect  to  reach  in 
practice. 

The  laws  can  be  tabulated  roughly  as  follows:  if  we  plot  as 
ordinates  the  number  of  gaps  that  are  just  non-arcing  on  a 
definite  circuit,  and  as  abscissie  the  current  through  the  gaps, 
we  get  a  series  of  curves  rising  with  increasing  currents,  each 
curve  corresponding  to  a  different  inductance  in  the  circuit 
(see  Fig.  1) .  The  important  elements  being  the  current  and  the  to- 
tal inductance  of  the  circuit.  The  actual  current  which  flows 
through  an  arrester  in  any  given  case  depends  only  slightly  on  the 
characteristics  of  the  arrester,  but  mainly  on  rest  of  the  circuit ; 
that  is,  the  power  of  the  generator,  ground  resistance,  the  imped- 
ance in  the  line,  and  field  reaction,  etc. 

I  think  the  most  feasible  way  to  get  at  the  non -arcing  power 
of  a  given  arrester  is  to  calculate  the  short-circuit  current  in 
the  system  to  which  it  is  connected,  and  determine  the  total 
inductance.  We  can  then  determine  the  non-arcing  power 
of  the  arrester  from  the  curves  alone.  I  do  not  remember  the 
exact  values,  but  an  increase  in  the  inductance  in  the  circuit 
greatly  decreases  the  non-arcing  power  of  an  arrester,  so  that 
it  may  sometimes  be  more  difficult  to  extinguish  a  highly  induc- 
tive arc  of  small  current  strength  than  a  non-inductive  arc  of 
much  greater  volume.  Fortunately,  in  actual  installations 
there  is  comparatively  little  inductance  in  circuit,  but  with  small 
generators,  especially  old-fashioned  generators  with  polar  ar- 
mature, or  in  cases  where  the  short-circuit  occurs  through 
a  long  line,  that  inductance  may  be  an  important  factor.  So 
much  for  the  non-arcing  power  of  the  gaps. 

The  increasing  of  non-arcing  power  by  the  use  of  shunt  resist- 
ance is  now  easily  controlled.  When  a  resistance  shunts  a  num- 
ber of  gaps,  the  arc  will  leave  the  gaps  for  the  resistance,  provided 
the  olims  ])er  gap  are  of  the  proper  value.  What  deter- 
mines the  critical  ohms  per  gap  is  the  current  strength  in  the 
gaps  which  are  shunted.  The  relation  of  current  in  gaps  to 
critical  ohms  per  gap  can  be  well  shown  in  a  curve.  The  curve 
is  shown  in  Fig.  2.  It  is  evident  from  the  curve  that  on  small 
currents  the  sliunt  resistance  is  very  elYcctivc,  but  with  large 
currents  in  the  gaps  the  shunt  resistance  has  little  value. 

In  designing  an  arrester  to  meet  all  conditions,  using  shunt 
resistance,  we  must  so  proportion  the  arrester  that  the 
current  on  short  circuit,    that    is,    on    the    discharge    of    the 
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arrester,  will  not  exceed  a  certain  amount,  which  amotint  will 
allow  of  effective  use  of  shunt  resistance.  We  find  on  large 
systems  that  this  amount  is  greatly  exceeded  if  there  is  no  Hmit- 
ing  series  resistance.  That  is,  on  a  circuit  like  that  at  Niagara 
Falls,  the  shunt  resistance  would  be  of  comparatively  no  value  if 
we  allowed  a  complete  short  circuit  on  the  system  through  the 
arrester. 

The  introduction  of  the  series  resistance  gives  a  definite 
limited  short  circuit  current,  and  taking  into  account  the 
greatest  possible  inductance  in  circuit  and  the  number  of 
gaps  necessary  to  hold  the  normal  voltage,  a  suitable  num- 
ber of  series  gaps  can  be  chosen,  which  will  be  able  in  all  the 
cases  assumed  to  suppress  the  arc.  Now  the  current  in  the 
gap  being  known,  it  is  possible  to  determine  the  maximum  num- 
ber of  ohms  per  gap  that  can  be  used  to  withdraw  current  from 
a  portion  of  the  gaps  cal.ed  shunted  gaps.  Then  a  suitable 
number  of  shunt  resistances  can  be  connected  aroun-l  an  appro- 
priate portion  of  the  series  gaps,  thus  converting  this  part  (which 
may  sometimes  be  the  whole)  into  shunted  gaps.  By  this 
method  the  maximum  effectiveness  of  shunt  resistance  may  be 
obtained.  This  matter  was  discussed  in  a  paper  at  the  Great 
Barrington  meeting  of  the  Institute  in  1902. 

Mr.  Osgood's  paper  is  very  much  worth  while.  He  has  care- 
fully and  frankly  given  us  the  facts,  and  added  materially  to  the 
definite  knowledge  of  the  way  things  happen.  If  other  engineers 
having  similar  information  will  do  the  same  thing,  it  will  not 
be  long  before  we  shall  be  able  correctly  to  determine  the  effec- 
tiveness of  different  types  of  arresters.  The  important  inference  to 
draw  is  just  what  do  the  results  so  far  show.  There  are  t^vo  points 
to  consider;  the  non-arcing  power  of  the  arresters,  and  their 
protective  power.  Mr.  Osgood  states  the  non-arcing  power  of 
liis  arresters  is  not  satisfactory  yet.  He  expects  this  year,  with 
the  shunt  resistance,  that  they  will  be,  and  we  shall  all  look  with 
a  great  deal  of  interest  to  learn  the  result  of  this  season's  light- 
ning. 

Mr.  Osgood  finds  a  great  gain  in  protection  obtained  by  the 
elimination  of  the  original  series  resistance,  but  it  should  be 
noted  that  the  series  resistance  which  was  eliminated  was  of  a 
very  high  ohmic  value,  each  rod  having  250  ohms,  and  some 
32  rods,  giving  8000  ohms,  in  the  ground  connection.  Although 
the  elimination  of  this  resistance  may  have  been  found  dis- 
tinctly beneficial,  it  does  not  prove  that  a  much  lower  series 
resistance,  such  as  will  be  chosen  by  the  method  of  design  de- 
scribed above,  will  have  a  harmful  effect. 

The  second  paper  is  a  very  admirable  exposition  of  some 
of  the  precautions  that  you  have  to  take  in  experimenting  in 
a  laboratory  in  connection  with  the  lightning  arrester  study. 
There  is  nothing  so  easy  as  to  be  misled  and  mistaken  in  this 
sort  of  work,  so  as  Mr.  Wirt  says,  it  is  important  to  check  up 
very  carefully  from  the  outside  investigation.     I  believe,  how- 
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ever,  that  laboratory  work  is  important.  But  we  must  use  a 
great  deal  of  common  sense  and  care  in  inferring  what  results 
will  be  produced  on  a  transmission  line  where  we  have  what  are 
numerically  very  different  conditions.  For  instance,  we  never 
have  the  small  manifestations  which  give  extremely  high  fre- 
quency discharges.  You  cannot,  with  any  considerable  amount 
of  energy — enough  energy  to  do  any  harm — get  an  oscillations  as 
rapid  as  a  billion  per  second.  I  think  it  would  be  safe  to  rule 
out  from  our  tests,  as  to  final  judgment  on  arresters,  any  of  the 
extremely  high-frequency  tests. 

I  would  like  to  ask  Mr.  Creighton  how  the  time  period  of  200 
microseconds  given  as  the  time  necessary  for  ionization  to  become 
effective  was  measured  or  determined? 

E.  E.  F.  Creighton:  Curve  3--B  represents  the  discharge  of 
the  condenser  through  the  resistance.  The  static  machine  vol- 
tage was  150  kilovolts.  Now,  from  the  static  machine  gap  G  short 
circuits,  we  may  assume  that  the  150  kilovolts  appears  at  the 
terminals  of  the  larger  resistance  and  also  at  the  terminals  of 
the  needle  gap  Q.  If  Q  is  set  on  150  kilovolts  it  will  not  spark. 
It  is  necessary  to  set  ^  on  as  low  as  65  kilovolts  before  it  begins 
to  spark.  I  have  assumed  that  the  time  taken  for  the  voltage 
to  drop  from  150  kilovolts  to  65  kilovolts  on  the  dischari^e  curve 
3-B,  is  the  time  necessary  to  ionize  the  gap  Q  and  make  it  con- 
ductive. 

P.  H.  Thomas :  Have  you  made  any  careful  study  theoretically 
to  find  out  whether  these  apparent  voltaj^e  differences  are  not 
due  to  the  different  methods  of  gcneratin,c^  or  measuring  voltage 
rather  than  to  a  true  time  lag  in  ionization?  The  evidence  is 
not  very  clear,  is  it  ? 

E.  E.  F.  Creighton:  The  evidence  is  very  great  in  favor  of 
this,  in  that  we  have  been  able  to  observe  it  in  some  ways  that  I 
cannot  describe  at  the  present  time. 

P.H.Thomas:  Mr.  Wirt  says  that  the  pulling  off  of  the  ground 
connection  on  the  three-phase  line  caused  the  rise  of  potential. 
Was  it  the  pulling  off  of  the  ground,  the  throwing  on  of  the 
ground,  or  was  it  a  continuous  rise? 

H.  C.  Wirt:  It  was  the  pulling  off,  starting  an  arc  over  the 
line. 

P.  H.  Thomas:  I  would  like  to  suggest  an  explanation  for 
that  action,  which  I  have  suggested  before,  and  which  is  really 
of  considerable  importance,  if  it  is  the  true  one.  Suppose  we 
have  a  transmission  line,  step-up  transformers,  and  a  generator. 
In  disconnectingthe  line  when  unloaded  by  o])cning  the  switch 
we  shall  usually  leave  the  line  charged  to  maximum  potential, 
since  the  charging  current  will  open  at  its  o  point  when  the  vol- 
tage is  a  maximum.  Consequently  at  the  end  of  one  alternation 
we  have  double  the  potential  to  ground  impressed  between  the  two 
switch-jaws  which  are  in  the  process  of  opening.  Therefore  we 
may  get  a  recharging  of  the  line,  but  at  double  potential,  which  will 
cause  violent  oscillation  and  a  certain  rise  of  potential  at  reflecting 
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point  sufficient  to  cause  arresters  to  discharge.  This  result 
may  occur  a  number  of  times  in  pulling  oflE  and  charging  current. 
Those  who  have  handled  high-tension  lines  know  the  soimd  you 
get  from  such  an  arc,  a  sharp  cracking,  indicating  that  there 
is  a  serious  static  discharge. 

H.  C.  Wirt:  The  same  effect  has  occurred  without  any  line 
at  all.  just  at  the  transformer  itself. 

P.  H.  Thomas:     You  have  capacity  in  the  transformer? 

H.  C.  W.rt:     Yes. 

P.  H.  Thomas:  Here  is  a  possible  explanation  of  the  blowing 
of  primary  fuses  in  lightning  storms,  with  no  apparent  damage 
to  the  apparatus.  As  a  result  of  the  local  concentration  of  po- 
tential near  t  e  terminals  of  a  transformer,  lightning  may  cause 
a  spark  between  neighboring  parts,  which  starts  a  flow  of  current 
cut  out  by  the  blowing  of  the  fuse.  The  injury  would  often  be 
so  slight  as  to  be  readily  repaired  by  the  insulating  oil  of  the 
transformer. 

E.  E.  F.  Creighton:  The  first  requisite  in  laboratory  tests  is  to 
have  sufficient  power  to  puncture  the  insulation.  With  three 
million  cycles  per  second  (calculated),  we  have  punctured  five 
thicknesses  of  0. 1-in.  press-board,  jumped  12  in.  across  a  needle- 
gap,  and  jumped  18  in.  on  the  surface  around  the  insulation. 
It  seems  to  me  that  this  is  sufficient  to  prove  there  is  a  charge 
that  can  damage  the  insulation.  I  think  we  sometimes  get  a 
frequency  of  three  million  on  the  line. 

Dr.  Steinmetz  has  shown  mathematically  that  the  natural 
frequency  of  a  line  may  be  as  low  as  a  few  hundred  cycles,  but 
I  he  line  may  oscillate  electrically  in  segments.  Furthermore, 
there  are  local  circuits  of  low  inductance  and  capaci'-y.  Oliver 
J.  Lodge  has  estimated  the  frequency  of  certain  lightning  strokes 
at  one  million  per  second.  It  seems  to  me  if  such  a  stroke  took 
place  near  the  station  this  frequency  would  be  transmitted 
directly  to  the  apparatus;  if.  on  the  other  hand,  it  took  place  far 
out  on  the  line,  the  high  frequency  would  be  superposed  on  the 
lower  frequency  of  the  line  surge.  When  the  frequency  ap- 
proaches a  billion  per  second,  such  as  found  in  the  multigap 
arrester,  then  the  quantity  of  electricity  involved  seems  to  be 
too  small  to  damage  insulation  when  the  time  of  application  is 
short. 

P.  H.  Thomas:  Mr.  Creighton  apparently  infers  from  the 
amplification  of  the  harmonics  of  the  current  wave  to  the  con- 
densers, as  shown  in  Fig.  P  and  that  a  corresponding  voltage 
increase  must  follow.  Tliis  conclusion  is  erroneous,  for  this 
current  is  determined  by  the  wave-form  of  the  generator  and  the 
capacity  of  the  condenser.  If  the  current  resulted  from  a  con- 
dition of  resonance,  there  would  evidently  be  a  correspondingly 
high  potential :  but  as  in  this  case  the  current  is  determined  pri- 
marily by  the  generator  voltage  and  the  capacity  without  regard 
to  the  value  of  any  inductance  that  may  happen  to  be  included 
in  the  circuit,  there  will  be  no  corresponding  rise  of  potential. 
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J.  B.  Taylor:  Mr.  Creighton  states  fairly  well  the  position 
of  the  man  who  attempts  to  build  a  successful  lightning-arrester : 
he  is  between  the  devil  and  the  deep  sea.  It  is  commonly  said 
that  "  lightning  never  strikes  twice  in  the  same  place,"  and  the 
saying  shows  the  difficulty  of  getting  accurate  data  as  to  which 
type  of  arrester  is  better  than  another.  Mr.  Osgood's  experience 
might  lead  him  to  dispute  the  old  sajang,  as  56  interruptions 
in  one  season  show  that  lightning  does  strike  twice  in  the  same 
place. 

The  proverb  should  be,  **  lightning  never  strikes  twice  in 
exactly  the  same  manner.'*  Consequently,  it  is  not  right  to 
take  data  from  one  circuit  in  one  part  of  the  country',  operating 
at  a  certain  frequency,  with  a  certain  voltage,  a  certain  type 
of  transformer  and  a  certain  type  of  arrester,  and  conclude  that 
this  arrester  is  better  than  another  type  of  arrester,  because 
fewer  transformers  broke  down  than  on  a  system  with  the  other 
type  of  arrester,  in  another  part  of  the  country-,  operating  at 
a  different  frequency,  different  voltage,  with  different  trans- 
formers— with  perhaps  all  the  essential  features  varying. 

The  laboratory  tests,  of  course,  show  the  direction  in  which 
to  look  for  data  in  the  outside  work.  While  such  tests  alone 
are  not  likely  to  produce  a  successful  arrester  they  should  not 
be  discouraged.  The  best  plan  is  to  establish  a  laboratory  in 
a  sub-station  of  a  transmission  system  in  regular  operation. 

Mr.  Thomas  takes  issue  with  Mr.  Creij^hton  on  his  point  that 
the  irregular  current  wave  shown  in  oscillogram,  Fig.  P,  is 
evidence  of  increased  e.m.f.  due  to  grounding  one  tcnninal. 
I  agree  with  Mr.  Thomas  that  this  is  virtually  nothing  more  than 
wave  of  current  in  a  condenser,  the  e.m.f.  wave,  as  is  almost 
always  the  case,  departing  from  a  perfect  sine  wave.  It  is 
almost  impossible  to  get  any  wave  of  potential  which,  impressed 
on  a  condenser,  will  not  show  all  kinds  of  ripples  in  the  current 
wave. 

Fig.  1  shows  a  fairly  smooth  wave,  and  yet  put  it  on  a  con- 
denser and  there  is  no  telling  what  the  current  wave  will  he. 
For  example,  at  the  point  a  on  the  e.m.f.  wave  there  may  be  an 
irregularity  too  small  to  be  noticeable,  but  yet  sufficiently  steep 
to  cause  a  large  rush  of  current  as  shown  at  a'  on  the  current 
wave.  In  other  words,  the  flow  of  the  current  in  the  condenser 
is  entirely  dependent  on  the  rate  of  chau(;c  of  e.m.f.  at  its  ter- 
minals. The  arcing  ground,  however,  is  quite  another  matter, 
as  here  a  number  of  secondary  actions  come  into  play.  In 
effect  we  have  a  wireless  telegraph  transmitter  sending  along 
waves  of  al)normally  high  frequency,  which  in  turn  may  give  ab- 
normal difference  of  potential  in  parts  of  the  circuit. 

P"or  the  same  reason  I  think  the  data  quoted  to  show  that  in 
many  cases  there  is  a  high  potential  between  line  and  line  are 
open  to  question.  If  this  potential  were  in  all  ca.ses  measured 
by  a  simple  sj.»ark-ga]),  it  mii^lit  be  fair  evidence.  Most  of  the 
evidence  to  show  that  there  is  high  potential  between  line  and 
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line  is  a  discharge  over  a  complicated  system  of  condensers; 
namely,  the  cylinders  of  a  lightning-arrester. 

The  evidence  to  show  that  there  is  abnormal  potential  between 
line  and  line  is,  that  under  some  circumstances,  the  arc  held 
across  this  path,  without  arcing  to  ground.  Dr.  Steinmetz  has 
illustrated  the  complicated  system  of  condensers,  and  at  abnor- 
mally high  frequency  these  condensers  are  charged  in  succession. 
This  charging  of  cylinders  may  occur  on  two  phases  of  the  arres- 
ter; that  is,  the  gaps  may  be  broken  down  on  two  lines  to  the 
cross  connection,  or  enough  may  be  broken  so  that  the  normal 
line  potential  is  able  to  break  down  what  is  left.  Consequently, 
we  get  a  discharge  from  line  to  line.  To  my  mind  we  have 
better  evidence  of  abnormal  frequency  than  abnormal  potential. 

A  remaining  point  I  wish  to  make  is  the  matter  of  measuring 
potential  by  means  of  a  needle-gap.     Mr.  Creighton  shows  curves 


Fig.  1. 


which  indicate  that  quite  different  results  are  obtained  in  cases 
where  one  side  of  the  system  is  grounded,  and  this  should  always 
be  borne  carefully  in  mind  in  making  high-potential  tests  in 
which  the  needle-gap  is  used  to  determine  potential  value.  The 
distribution  of  potential  over  the  system  is  different  when  one 
side  is  grounded,  or  the  middle  is  grounded,  or  no  point  at  all 
is  grounded.  (In  the  last  case  what  should  be  the  neutral  point 
may  be  far  from  ground  potential).  Failure  to  determine  a 
definite  point  of  the  test  system  at  earth  potential  is  responsible 
for  much  of  the  discrepancy  in  spark-gap  curves  given  by  differ- 
ent observers.  Of  course  the  wave  form  comes  in,  and  many 
other  things,  but  often  no  attention  is  paid  to  earth  potential, 
although  conductors  and  non-conductors  at  this  potential,  are 
on  all  sides — walls,  floor,  ceiling,  tables,  the  observer,  and  even 
the  air  itself. 

The  breaking  down  point  of  an  air-gap  is  largely  affected  by 
the  distribution  of  potential  in  and  near  the  gap.     Consequently 
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proximity  of  bodies  at  earth  potential  will  cause  one  distribution 
if  one  of  the  needle-points  is  grounded  and  another  distribution 
if  the  ground  is  somewhere  else.  With  needle-points  in  air  a 
given  e  m.f.  between  needles  will  break  down  a  longer  gap  if 
one  side  of  the  system  is  grounded.  This  is  doubtless  due  to  the 
longer  brush  discharge  from  the  opposite  needle  under  these 
conditions,  the  brush  being  probably  a  forerunner  of  the  com- 
plete breakdown. 


Fig. 


Fig.  2  shows  a  shielded  spark-gap.  A  metal  cylinder  or  screen 
surrounds  the  needle  points,  and  this  screen  is  connected  to  one 
of  the  needles.  With  such  a  piece  of  apparatas,  any  part  of 
the  system  may  be  at  earth  potential,  and  yet  have  little  effect 
on  the  distribution  of  potential  around  the  points  so  that  the 
conditions  will  be  fairly  constant.  The  use  of  such  a  device  will 
eliminate  some  of  the  discrepancies  and  unexplained  points  in 
connection  with  high-potential  measurements  by  means  of  needle- 
point spark-gap. 

N.  J.  Neall:  As  some  of  the  gentlemen  present  will  recall,  in 
a  paper  which  I  presented  at  a  meeting  of  the  Institute  last  fall 
I  described  the  operation  of  tell-tale  papers.  To-day  we  have 
further  evidence  along  the  same  line.  We  have,  moreover, 
evidence  that  a  laboratory  test  is  feasible,  although  it  is  not 
conclusive;  and  I  think  this  fact  must  be  borne  in  mind,  that 
if  you  are  testing  any  device  for  relative  freedom  of  discharge, 
or  what  not,  all  the  devices  must  be  subjected  to  the  same  test, 
under  the  same  conditions,  and  at  the  same  time.  It  is  not  fair 
to  say  that  A's  apparatus  here  is  the  same  as  B's  apparatus 
there,  unless  they  are  subjected  to  the  same  test. 

The  real  criterion  of  the  best  practice  to-day  depends  on  two 
characteristics;  large  current,  and  large  voltage.  Another  con- 
dition which  is  of  the  greatest  importance  to  transmission  to-day, 
is  protective  apparatus  suitable  for  50. 000  volts  and  higher. 
Designers  are  not  disturbed  by  a  25, 000- volt  or  a  (),GOO-volt  propo- 
sition. It  is  in  the  50,000-volt  plant  that  you  lind  people  hunt- 
ing for  new  devices  to  take  care  of  these  disturbances,  which  the 
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standard  protective  apparatus  does  not  seem  capable  of  taking 
care  of.  I  do  not  believe  that  these  tests  developed  under  the 
auspices  of  the  Westinghouse  Elec.  &  Mfg.  Co.  or  the  General 
Electric  Company  are  suitable  for  demonstrating  the  applica- 
bility of  50,000-volt  apparatus. 

Such  a  requirement  on  lightning-arresters  or  other  protective 
apparatus  in  the  laboratory  is  just  as  difficult  as  the  point  which 
Dr.  Steinmetz  brought  out  yesterday  of  heat  tests  of  large 
capacity  alternators.  In  the  latter  case  it  is  absolutely  essen- 
tial; in  the  other  case  there  are  other  ways  of  going  about  it 
which  I  think  are  entirely  feasible.  The  one  method  which 
should  be  developed  more  and  more  is  the  testing  in  practice, 
and  segregating  if  possible,  such  elements  of  disturbance  ex- 
ternal from  those  which  are  inherent  in  the  system,  as  may  be 
done,  and  distinguishing  how  far  protective  apparatus  is  capable 
of  taking  care  of  the  real  disturbances  it  is  put  up  to  meet.  So 
I  think  that  if  it  were  possible  to  have  a  large  line  with  protective 
apparatus  installed  on  it,  and  equip  it  with  tell-tale  papers  and 
spark-gaps,  and  have  the  test  extend  over  a  long  time,  that  we 
would  have  in  practice  a  pretty  close  a{?proximation  after  four 
or  five  years  as  to  what  the  particular  apparatus  is  good  for. 

This  leads  me  to  speak  of  another  point  which  has  been  under 
discussion.  You  all  know  that  the  horn  type  of  arrester  has 
a  great  many  admirers  who.  unfortunately,  have  not  yet  demon- 
strated conclusively  that  it  is  suitable  for  what  it  is  intended. 
It  has  also  been  stated  by  Dr.  Gustav  Benischke  of  Germany 
that  in  tests  which  he  has  made  (and  he  has  also  quoted  tests 
by  Slaby ) ,  comparine  t  he  action  of  the  horn  lightning-arrester  with 
that  of  the  multigap  lightning-arresters  that  the  multigap  might 
give  rise,  by  reason  of  resonance,  to  worse  conditions  than  those 
that  causei  them  to  operate  originally,  while  the  horn  gap  does 
not.  I  would  ask  Mr.  Creighton  if  in  his  tests  he  has  made  any 
oscillograph  determinations  to  show  this  fact,  or  whether  he  has 
been  able  to  disprove  the  statement  of  Dr.  Benischke. 

A  point  was  brought  out  by  Dr.  Steinmetz  this  morning,  which 
I  think  is  one  worthy  of  notice,  and  that  is  a  new  test  which  may 
be  suitable  for  cable  insulation  tests — it  is  not  an  uncommon 
thing  for  cables  to  break  down,  which  in  the  laboratory  have 
stood  the  normal  tests,  even  double  potential,  and  in  so  far  as 
my  remembrance  of  such  occurrences  goes,  the  majority  take 
place  at  the  time  of  a  short  circuit  (and  yet  these  short  circuits 
are  apparently  not  of  such  tremendous  quantities  that  they 
would  destroy  the  apparatus  if  the  line  had  been  of  standard 
overhead  construction  throughout),  or  with  switching,  but  less 
so,  which  show  that  they  are  simultaneous  with  what  is  presum- 
ably high-frequency  phenomena.  Therefore  I  think  that  it  would 
not  be  an  unreasonable  demand  on  cable  manufacturers  to 
require  of  them  an  equivalent  gap  test  of  the  cable  (or  by  sample) 
which  they  are  providing,  and  give  it  just  as  much  importance 
as  the  double-potential  test. 
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P.  M.  Lincoln:  It  seems  to  me  that  the  things  which  the 
lightning-arrester  is  expected  to  do  can,  with  a  fair  degree  of  ac- 
curacy, be  divided  into  three  distinct  fimctions.  First,  there  is  an 
endeavor  to  provide  apparatus  which  will  prevent  the  high- 
potential  discharge  which  gets  on  the  line  in  some  manner  from 
getting  into  the  apparatus.  This  is  done  by  placing  a  choke- 
coil  between  the  line  and  apparatus  to  be  protected.  It  is  almost 
universally  admitted  that  the  choke-coil  as  at  present  used  is 
a  successful  piece  of  apparatus  for  doing  this.  I  believe  that 
theory  and  practice  aUke  unite  in  pointing  to  this  fact,  that  the 
choke-coil  does  prevent  to  a  very  large  degree  these  high  poten- 
tial discharge  waves  from  getting  into  the  apparatus,  both  by 
suppressing  them,  flattening  them  out,  and  reducing  the  abrupt- 
ness of  the  wave  front.  The  second  thing  the  lightning-arrester 
engineer  is  trying  to  do  is  tc»  provide  a  path  by  which  the  high- 
potential  discharge  can  escape.  The  air-gap  which  is  univer- 
sally used  for  this  purpose  is  an  entirely  successful  device.  It 
is  merely  the  provision  in  the  line  of  a  place  of  considerably 
lower  insulation  than  the  normal  insulation,  so  that  the  high  po- 
tential coming  to  that  point  will  discharge  at  that  point.  The 
third  thing  he  is  trying  to  do  is  to  provide  apparatus  to  pre- 
vent the  dynamo  current  from  flowing  over  these  gaps.  That  is 
the  most  difficult  thing  he  has  to  do  in  high-tension  appar- 
atus. I  believe  that  the  engineer  who  attacks  that  problem, 
and  solves  it,  undoubtedly  has  a  successful  lightning-arrester. 
That  is  the  point  on  which  the  energies  of  the  engineer  should 
-be  concentrated. 

C-iarles  F.  Scott:  I  wish  to  emphasize  the  value  of  papers 
of  this  character  to  the  Institute,  and  also  to  refer  to  the  rela- 
tion between  the  subject -matter  presented  in  the  papers  to-day 
and  that  which  has  appeared  formerly.  Nearly  all  of  the  papers 
and  discussion  of  the  last  few  hours  have  been  based  on  non- 
arcing  metal.  To  those  who  are  younger  among  us,  who  are  not 
familiar  with  the  history  of  non-arcing  metal,  I  would  say  that 
the  discovery  and  the  original  work  in  connection  with  non- 
arcing  metal  was  done  by  Mr.  A.  J.  Wurts.  His  own  account 
of  his  work  will  be  found  in  early  Institute  papers,  and  any  one 
interested  in  the  subject  should  refer  back  to  these  papers. 
It  is  quite  interesting  now,  after  these  new  investigations 
to  note  that  the  best  result  shows  only  some  five  per  cent, 
or  ten  per  cent,  improvement  in  the  character  of  the  metal. 
Another  point  Mr.  Wurts  foresaw  and  discussed  was  the  effect 
of  resistance  in  the  discharge  circuit.  A  year  or  two  after  Mr. 
Wurts'  first  work  on  the  problem,  Mr.  Henry  Noel  Potter  began 
investigations  in  regard  to  non-arcing  metal,  and  did  some 
important  laboratory  work.  He  placed  an  inductance  in  series 
with  several  gaps  and  sought  to  measure  the  voltage  across  one 
gap  during  the  time  the  current  was  flowing.  He  measured 
across  one  of  the  gaps,  and  immediately  the  whole  current  dis- 
appeared; that  is,  the  voltmeter  was  a  shunt  resistance  across 
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a  portion  of  the  gaps.  That  arrangement  corresponds  to  the 
type  of  arrester  which  we  are  discussing  to-day.  This  principle 
was  employed  in  the  early  types  of  switches  at  Niagara  Falls. 
Later  types  of  switches  have  come  in  to  displace  this  early  form, 
but  the  non-arcing  metal  gaps  with  shunt  resistance  solved  the 
very  difficult  problem  presented  a  dozen  years  ago  of  developing 
a  switch  to  handle  2,400  volts  at  1,000  amperes. 

The  non-arcing  arresters  without  resistance  held  their  own 
for  many  years,  but  finally  there  were  reports  of  their  inade- 
quacy; they  were  short-circuited  and  did  not  interrupt  the 
current.  It  was  found  that  cases  of  this  kind  were  apt  to  be 
coincident  with  larger  generators,  generators  of  good  regulating 
features,  which  would  allow  a  very  large  current  to  flow  to  the 
arrester.  It  was  thought  best  to  have  recourse  to  Mr.  Potter's 
plan  of  putting  a  shunt  around  some  of  the  gaps.  Mr.  Thomas 
was  working  on  this  problem,  and  I  remember  some  years  ago 
I  asked  him  to  determine  the  resistance  necessary  for  the  shunt, 
so  that  it  could  be  applied.  I  expected  a  report  on  the  second 
or  third  day,  but  he  was  very  slow  in  making  his  report,  and 
after  three  or  four  months  he  gave  me  a  part  report,  and  for  a 
year  or  so  he  was  working  on  the  problem  to  secure  more  data. 
When  he  sought  to  determine  the  proper  shimt  resistance  he 
foimd  that  the  problem  was  not  a  simple  one,  and  that  there  was 
a  necessity  for  series  resistances.  This  lead  to  the  whole  line 
of  work  which  he  has  indicated  to-day 

Speaking  of  the  practical  service  of  lightning-arresters,  the 
low-equivalent  arrester,  which  is  the  outcome  of  Mr.  Thomas' 
work,  has  been  a  commercial  article  for  a  number  of  years.  I 
took  occasion  to  make  inquiry  a  few  days  ago  of  our  engineering 
department  as  to  the  general  success  of  this  apparatus.  Hun- 
dreds have  been  installed,  and  I  find  that  the  number  of  com- 
plaints, due  either  to  damage  to  arrester  itself  or  to  inefficient 
protection,  are  comparatively  few,  of  the  order  of  one  to  three 
per  cent. ;  there  was  some  defect  here  and  some  little  trouble 
there,  but  on  the  whole  there  has  been  a  very  satisfactory 
result. 

Mr.  Steinmetz  says  that  the  first  tbinc;  to  do  is  to  lay  out  a 
proper  route  for  a  line;  that  is  excellent  and  sounds  well  in  the 
meeting  herC;  but  under  actual  conditions  that  advice  will  often 
fall  short.  I  recall  one  line  with  which  I  am  more  or  less  familiar; 
it  runs  across  a  mountain  range  and  then  crosses  a  valley  some 
eight  or  ten  miles  in  width.  The  troubles  come  in  the  valley, 
because  in  crossinc^  the  mountains  the  line  does  not  ^o  across 
the  highest  peaks,  but  through  passes,  so  that  the  line  there 
is  well  protected  by  the  hi^dier  peaks;  but  in  the  valley  through 
which  the  storms  sweep  it  is  out  of  the  question  to  avoid  the 
effects  of  li^htnin.£(,  and  it  would  require  a  detour  of  a  hundred 
miles  to  avoid  the  valley. 

Mr.  Steinmetz  has  shown  that  a  series  of  non-arcing  metal 
cylinders  arranged  in  line  so  as  to  give  a  large  number  of  gaps 
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between  the  circuit  and  the  earth  is  really  a  complex  form  of 
condenser  in  which  there  is  capacity^  between  adjacent  cylinders 
and  between  each  cylinder  and  the  earth.  From  this  elementary 
form  it  is  seen  that  the  static  stress  across  the  gaps  near  the 
circuit  is  greater  than  that  across  the  gaps  near  the  earth.  In 
practice  the  relations  are  often  not  of  so  simple  a  character. 
The  cylinders  and  gaps  are  not  placed  in  a  straight  line  and  the 
arresters  between  the  several  wires  and  the  earth  are  often  not 
far  removed  from  one  another.  There  is,  therefore,  a  capacity 
effect  from  certain  cyhnders  of  an  arrester  to  various  other 
cylinders  in  the  same  arrester,  as  well  as  to  the  arresters  and 
other  parts  connected  with  the  other  wires  of  the  circuit.  The 
tendency  to  discharge  between  cylinders,  particularly  those  near 
the  line,  is  therefore  affected  by  the  disposition  of  the  other  parts 
of  that  arrester  and  of  the  other  arresters,  so  that  the  critical 
voltage  for  breakdown  across  an  arrester  is  a  function  not  only 
of  the  number  of  gaps  but  also  of  their  position  with  respect  to 
other  parts  of  the  circuit.  This  is,  I  believe,  the  explana- 
tion of  some  rather  puzzling  situations.  In  one  case  the 
number  of  arrester  gaps  required  at  one  point  on  a  circuit  was 
many  per  cent,  greater  than  the  number  required  at  another 
point.  The  arrangement  of  the  arresters  in  the  two  cases  was 
different,  and  this  was  doubtless  the  principal  cause  of  the  dis- 
crepancy. 

Farley  Osgood :  Speaking  as  an  operating  engineer,  I  will  say 
that  the  only  time  of  the  year  during  which  we  fear  for  the  service 
is  during  the  season  of  lightning  storms.  All  other  difficulties 
we  seem  able  to  overcome  quickly  and  more  or  less  easily.  The 
record  of  our  company  shows  that  we  have  had  a  great  number  of 
interruptions  due  entirely  to  lightning,  and  that  during  a  period  of 
15  months,  with  one  exception,  we  had  no  breakdown  of  any 
apparatus  whatever,  other  than  that  caused  by  lightning  or  its 
effects.  I  make  this  statement  to  bring  before  the  engineers 
interested  in  the  development  of  this  apparatus  the  fact  that 
it  is  the  secret  of  the  operating  engineer's  happiness.  The 
operating  engineer  is  held  strictly  to  account  for  the  number  of 
interruptions,  and  his  record  is  determined  very  largely  by  the 
number  of  interruptions  which  have  occurred  to  the  service 
during  the  year.  He  may  be  lucky  and  not  have  many;  but  it 
seems  too  bad  that  he  must  be  held  accountable  for  interruptions 
entirely  beyond  his  control. 

The  record  of  our  company,  I  think,  brings  before  the  members 
of  the  Institute  the  fact  that  damage  from  lightning  is  really 
our  chief  trouble.  If  the  designing  and  manufacturing  engi- 
neers are  true  to  the  ethics  of  their  profession  in  the  matter  of 
giving  the  best  advice  to  everybody,  they  will  make  every  pos- 
sible effort  to  become  better  acquainted  with  operating  engi- 
neers, and  instead  of — not  always,  but  quite  often — forcing  their 
ideas  of  apparatus  upon  the  operating  engineer,  who  sees  only 
the  practical  end,  they  might  listen  to  the  suggestions  of  the 


1906]  DISCUSSIOX  AT  MILWAUKEE.  447 

Operating  engineer  based  on  his  practical  experience,  and  com- 
bine it  with  their  own  theoretical  work.  Then  we  will  get  more 
speedy  results.  Judged  by  the  papers  which  have  been  pre- 
sented to-day  this  is  coming  about.  I  would  like  to  ask  Mr. 
Thomas,  on  account  of  the  experiences  which  I  related  in  my 
paper,  which  occurred  during  the  year  1904,  why  the  resistance 
in  series  with  the  gaps,  the  chief  purpose  of  which  is  to  limit 
the  flow  of  the  dynamic  current,  will  not  equally  limit  the  flow 
of  the  static  current. 

P.H.Thomas:  Briefly,  in  answer  to  the  question  of  Mr. 
Osgood,  it  is  true  that  the  current  of  a  static  discharge,  as  well 
as  the  current  from  a  generator,  cause  a  potential  upon  a  series 
resistance.  Our  only  safety  is  in  the  possibility  that  the  product 
of  the  amperes  of  the  static  discharge  by  the  ohms  in  resistance 
shall  not  exceed  the  voltage  which  the  insulation  of  the  line  and 
apparatus  can  withstand.  This  question  can  be  determined 
only  by  experience  on  actual  plants.  As  far  as  our  experience 
goes,  with  such. low  values  of  series  resistance  as  are  used  in  the 
low-equivalent  arrester  as  Mr.  Scott  has  already  stated,  appar- 
ently we  are  on  the  safe  side.  I  would  make  a  possible  excep- 
tion of  50,000-volt  and  other  very  high-voltage  plants. 

H.  C.  Wirt:  What  is  the  resistance  ordinarily  used  on  an 
ordinary  low-equivalent  arrester? 

P.  H.  Thomas:  It  depends  on  the  voltage,  and  runs  down  to 
a  few  ohms  on  lower  voltage;  amounts  less  than  a  thousand 
on  the  highest  voltages,  if  I  remember  correctly. 

H.C.Wirt:  I  am  sorry  to  say  that  my  data  on  the  low- 
equivalent  type  showed  that  at  times  they  have  failed,  and  it 
is  for  that  reason  I  advocated  trying  the  arrester  without  any 
resistance.  I  have  also  seen  arresters  of  the  same  general  type 
made  with  series  resistance  alone  which  have  failed  to  protect. 
I  think,  therefore,  the  data  which  have  been  secured  would  seem 
to  indicate  that  a  very  large  number  of  cylinders  in  series,  prop- 
erly proportioned,  will  protect  the  system.  I  believe  it  is  better 
to  have  a  few  short  circuits  in  the  arresters  which  did  not  at 
that  time  bum  out  the  apparatus,  than  it  is  to  put  in  series 
resistance  without  shunted  gaps  and  throw  the  high-voltage 
effects  into  the  apparatus. 

E.  E.  F.  Creighton:  I  think  the  answer  to  Mr.  Neall's  ques- 
tion can  be  stated  briefly:  the  oscillograph  is  very  limited 
in  the  frequency  that  it  can  measure.  A  few  years  ago 
I  assisted  M.  Andrae  Blondel  in  the  development  of  the  oscillo- 
graph. We  reached  53,000  vibrations  per  second  as  a  limit  for 
the  natural  frequency  of  the  oscillator.  Damaging  effects  can 
he  produced  with  frequencies  greater  than  that.  If  the  surge 
oscillations  are  as  great  as  50,000  per  second,  they  can  not  be 
measured  by  the  oscillograph. 
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Theoretical  Investigation  of  Circuit  Containing  Dis- 
tributed Inductance,  Series  Capacity,  and  Shunt 
Capacity,    Applied    to    the    Multigap    Lightning-Ar- 

RESTER. 

C.  P.  Steinmetz  (by letter):  Let,  in  a  circuit  containing  dis- 
tributed resistance,  conductance,  inductance,  shunt  and  series 
capacity,  as  the  multigap  lightning-arrester  Fig.  1,  represented 
electrically  as  circuit  in  Fig.  2, 

r  =  effective  resistance  per  unit  length  of  circuit,  or  per 
circuit  element,  that  is  per  arrester  cylinder. 

g  =  shunt -conductance  per  unit  length,  representing  leakage, 
brush  discharge,  electrical  radiation,  etc. 

L  =  inductance  per  unit  length  of  circuit. 

C  =  series  capacity  per  unit  length  of  circuit,  or  circuit  ele- 
ment, that  is  capacity  between  adjacent  arrester  cylinders. 

Cq  =  shunt  capacity  per  unit  length  of  circuit,  or  circuit 
element,  that  is,  capacity  between  arrester  cvlinder  and  ground. 

If  then: 

A^  =  frequency  of  impressed  c.m.f., 
it  is: 

Series  impedance,  per  unit  length  of  circuit: 

Z  =.  r-j(x-k)  (1) 

Shunt  admittance,  per  unit  length  of  circuit: 

Y  ^.  f^-jh  (2) 


where : 


or,  absolute: 


X  - 

-  2  7:N  L 

k  ^ 

1 

"  2  n  N  C 

h  - 

^  2  r  ^'  C\  1 

z  ■ 

-  Vr-+(x- 

-  A-)=  / 

y  = 

=  \''g'+  b- 

\ 

(3) 


(4) 


If  the  distance  along  the  (*ircuit,  from  Une  L  towards  ground 
G",  is  denoted  by  u, 

the  potential  diflcrence  between  point  u  and  ground  by:  E, 
the  current  at  point  u  by :  /, 
the  differential  equations  of  the  circuit  are:  * 

"^^'-ZI  (5) 

a  It 

1.  Steinmetz,  Alternating  Current  Phenomena,   3rd  edition,  pages  165 
to  181. 
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Differentiating  (5)  and  substituting  (6)  therein,  gives 

du' 


'^^,=  YZE  (7) 


Intergrated  by : 

E  =.  ylje-- +>!,«+«*  (8) 

where:  

a  =  \/yz  =  a-yi9  (9) 


a^Vi  \yz-\-gr^b{x-k)\    ) 
P      ^/i  {yz-gr'\-b{x-k)\    \ 

Hence,  substituting  (10)  in  (8),  and  eliminating  the  imaginary 
exponents  by  the  substitution  of  trigonometric  fimctions: 

E  =  Ais"'*  (cos  fiu-hj sin pu)-\-  ^je+«»*  (cos)9  w-ysin^fi)(ll) 

It  is,  however,  if: 
n  =  total  length  of  circuit  from  line  L  to  ground  G,  or  total 
number  of  arrester  cylinders  between  line  and  ground,  for: 

w  =  n:  £  =  O  (12) 

and  for: 

u  =  O:  E  =  6^=  impressed  e.m.f.  (13) 

Substituting  (12)  and  (13)  into  (11),  gives: 

0  =  Ai  €-««  (cos ^ n  +  y  sin /?n)+^'e+««  (cos ^n-/ sin ^n) 
e^  =  Ai  +  A^ 
hence : 


A,= 


(14) 


1  _  s-2an  (cos  2  /?  n-{-j  sin  2  ^  n) 
At  =  -^i£-'«"  (cos  2  /?  n  +  ysin2^n)^ 
and: 

_      e-^;;^(cos /?  wj-  /  sin  ^)  -g-«(2w-u)  (cos^(2n-ti)  4-ysinff(2n-M)) 
^  ~  ^"  "  "    1  -  f-^""  (cos  2  /?  n  +  y  sin  2  /?  «)  (15) 

^fee  Potential  Difference  against  Ground, 

From  equation  (5)  follows,  substituting  (15)  and  (9) : 

Current: 

/  =  -  ^(  I    I  ^0  f '"''  (cos  ^9  M  +  y  sin  ^  M)  4-  £-«(2ii.«)  (cos  /?  (2  n-w) 

-f   ysin,?(2«-w))}  16) 

Reduced  to  absolute  terms,  this  gives : 

Potential  Difference  against  ground: 


e^e      I  ^'^""  +^'^"^'-"'"^  -  -  s-^"**  cos  2  /?  (n  -  «) 

"  \  1  +£'•""  -  2  £"2a«  cos  2  /y  n~  (^^) 
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Current: 

i  =  e      \Y     \ ^"''"'  '^ g^^^**"-"^ 4-" 2  g-^"  cos  2  /?" (n  -  ^)" 

and: 

Potential    Gradient,    or    Potential    Difference    between    Adjacent 
Cylinders: 

gi^ki^g  k     ly     I g"'*"  +  g-'^^-**-") -f  2 P^^^cos  2 /9  (n -  u) 

*"      \2     \  |l4-g-*-«-2g-2««  cos2>»         '      (19) 

For  an  infinite  length  of  line:  n  =  oo,  that  is,  for  a  very  larjje 
number  of  lightning  arrester  cylinders,  where  g*"**  is  negligible, 
that  is,  in  the  case  where  the  discharge  passes  from  the  line  into 
the  arrester,  without  reaching  the  ground,  equations  (17)  (18) 
(19)  simplify  to : 

(20) 

(21) 
(22) 


that  is,  are  simple  exponential  curves. 

Substituting  (4)  and  (3)  in  (21)  and  (22)  gives 


A'  O  ]  [1  -  (2  t:  Ny  C  LY  +  (2  z  X  C  rf  J 


e^r 


\'C  ]1-(2;:A')-^CLJ 

i  =  2r  A' ^„g-""    I      _.     ^  ^^ 

\  1  •-  (2  ;r  A')'^  C  L 


Assuming,  as  instance: 

L  =  2  X  10-«  henry. 

Co=  10"  farads, 

C  =  4x10"  farads, 

r    =  1  ohm, 

g    =  4x10-'* 

A7  =10*'=  100  million  cycles, 

n   =  300  cylinders, 

e^  =  30,000  volts, 


(23) 


i  =  2  t:  N  C  e'  (24) 

or,  approximately,  if  r  and  g  are  negligable: 


(25) 
(26) 
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t  is: 

(3): 

X 

=  12.6  ohm. 

k 

=  39.7  ohm, 

b 

=  62.8x10-*  mho, 

(1): 

Z 

=  1  +  27.1 /ohm. 

(2): 

Y 

=  (4-62.8;')  10-*  mho 

(4): 

z 

=  27.1  ohm 

V 

=  62.9xl0-»mho, 

(9): 
10): 

a 
0 

=  0.0021 
=  0.0412 

(17):  ^  =  35,500V€-°«>*2«*  +  .08 6+°-~«« -0.568  cos  (24.72-0.0824k) 
(18) :  i  =  54V£-««>«'*  +0.08€+°«^«  +0.568 cos  (24.72-0.0824w) 
(19):e*=  2140\/€-°«>««*  -h 0.08 £+<>•«>««  +  0.568 cos (24.72-0.0824k) 

Hence,  at:    w  =  0: 
e  =  30,000  volts. 
i   =  64 . 6  amperes. 
e^  =  2560  volts, 
at  :    w  =  300: 
^  =  0 

i   =  57 . 5  amperes. 
e^  =  2280  volts. 

With  voltages  per  gap,  varying  from  2,280  to  2,560,  300  gaps 
would,  by  addition,  give  a  total  voltage  of  about  730,000,  while 
the  actual  voltage  is  only  about  one-twenty-fourth  thereof;  that 
is,  the  sum  of  the  voltages  of  many  spark-gaps  in  series  may  be 
many  times  the  resultant  voltage,  and  a  lightning  flash  may  pass 
possibly  for  miles  through  clouds,  with  a  total  potential  of  only 
a  few  million  volts.  In  above  instance,  the  300  cylinders  include 
7 .  86  complete  wave-lengths  of  the  discharge. 


A  ^Per  presented  at  the  23^  A  nnual  Convention 
of  the  A  merican  Institute  0/ Electrical  Engi» 
neers,  Milwaukee,    iVis.,   May  28-^1,  1900. 

Cop7riglitl906.    ByA.LE-B. 


THE  SELF-SYNCHRONIZING  OF  ALTERNATORS. 


BY  MORGAN  BRQOKS  AND  M.  K.  AKERS. 


The  dexterity  required  for  successfully  connecting  in  parallel 
two  synchronous  machines,  and  the  apprehension  that  is  felt 
by  the  operator  lest  disaster  result  from  the  slightest  inaccuracy 
of  manipulation,  have  suggested  a  study  of  methods  of  synchron- 
izing in  the  hope  of  diminishing  the  hazard  involved. 

When  two  alternators  are  controlled  as  to  speed  and  excita- 
tion preparatory  to  closing  the  switch  between  them,  it  may 
not  be  possible  to  adjust  the  speed  with  sufficient  exactness  to 
allow  reasonable  time  for  closing  the  paralleling  switch  at  the 
proper  instant.  If  the  switch  be  closed  at  or  very  close  to  the 
zero  phase-position,  and  there  be  no  appreciable  speed-difference 
between  the  machines,  no  disturbance  of  the  system  is  caused. 

A  moderate  speed-difference  is  not  serious,  provided  it  is  pos- 
sible to  close  the  switch  at  the  proper  moment,  and  automatic 
arrangements  for  so  closing  the  switch  have  been  devised. 
When  there  is  a  phase-difference,  the  existing  vector  difference 
in  voltage  is  short-circuited  through  the  two  machines.  The 
short  circuit  caused  by  closing  the  switch  offers  momentarily 
less  impedance  than  the  sum  of  the  synchronous  impedances 
of  the  two  machines,  because  the  resultant  voltage  cannot  be 
in  proper  phase  relation  with  the  magnetic  induction  of  both 
machines,  and  may  not  be  with  that  of  cither.  Tliere  will  be 
an  impulsive  rush  of  current  greater  than  one  would  be  led  to 
expect  from  dividing  tlie  vector  difference  in  voltage  by  the 
synchronous  impedances  of  the  two  machines. 

453 
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The  actual  momentary  current  is  governed  by  the  resistance 
and  the  reactance  of  the  armature  windings  considered  as  in- 
ductance without  iron  core,  rather  than  by  the  sync  onous 
impedance  as  ordinarily  measured.  The  iron  core  has  not  time 
to  become  magnetized  and  to  react  against  the  applied  voltage 
before  great  damage  may  have  been  done  with  even  a  moderate 
phase-difference.  With  large  machines  whose  resistance  and 
pure  or  non-iron  reactance  is  relatively  low,  damage  by  even 
slightly  inaccurate  synchronizing  will  be  more  probable,  as 
well  as  more  costly,  than  with  small  machines,  since  the  im- 
pulsive rush  of  current  is  proportionately  greater.  A  moderate 
phase-difference  such  as  10°  may  be  dangerous.  If  10°  (in 
either  direction)  be  taken  as  the  limit  of  safety,  in  closing  the 
switch  at  random  the  chances  will  be  seventeen  out  of  eighteen 
that  damage  will  be  done. 

We  propose  to  eliminate  this  great  chan.'C  for  damage  by 
making  it  safe  to  close  the  paralleling  switch  at  any  time,  re- 
gardless of  equality  of  speed  or  of  excitation.  It  is  evident 
that  the  maximum  circulating  current  may  be  reduced  in  any 
desired  degree  by  the  insertion  of  sufficient  impedance  between 
the  machines  to  be  synchronized.  It  is  equally  evident  that 
the  synchronizing  power,  or  force  tending  to  keep  the  alter- 
nators in  step,  w-ill  be  affected;  and  it  remained  for  experiment 
to  show  that  it  is  possible  satisfactorily  to  limit  the  currt^nt, 
while  retainiiig  sufficient  synchronizing  power.  No  compelling 
force  exists  so  long  as  phase-equality  is  maintained,  and  for 
small  angles  the  force  may  be  assumed  to  be  proportional  to 
the  phase-difference. 

Steinmetz  has  shown  that  the  .synchronizing  power  of  the 
current  that  may  circulate  between  two  machines  in  parallel 
under  the  normal  condition  of  equal  voltage  depends  upon  the 
lagging  of  the  current  due  to  the  inductance  of  the  short-circuit 
path  through  the  armatures  of  the  alternators.  To  retain 
this  lagging  current  and  its  desirable  effect,  the  impedance  to 
be  connected  in  series  between  the  machines  should  be  highly 
inductive.  We  tried  various  inductances  such  as  transformer 
coils  and  arc-lamp  regulators,  but  w^ith  indifferent  success. 
If  enough  inductance  were  used  to  prevent  too  great  an  impul- 
sive rush  of  current,  the  synchronizing  current  desirable  at 
slight  phase-differences  was  too  weak.  If  the  inductance  was 
adjusted  to  get  fair  synchronizing  power,  it  was  not  safe  to 
throw  the  switch  at  a  very  much  greater  angle  of  phase-differ- 
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ence  than  without  it.  The  range  of  safe  angle  was,  however, 
perhaps  doubled. 

We  next  tried  pure  resistance,  resulting,  as  might  be  expected, 
in  loss  of  synchronizing  power,  since  the  circulating  current 
did  not  have  the  required  lag.  The  use  of  condensers  in  series 
confirmed  the  theory  above  outlined ;  for  the  alternators  now 
assumed  the  180°  phase-relation,  and  retained  it  with  such 
persistence  as  to  suggest  easy  synchronizing  by  using  a  reversing 
switch  to  connect  the  machines  together  in  the  zero  phase-rela- 
tion. At  this  point  we  proved  by  experiment  that  it  was  a 
simple  matter  to  synchronize  two  alternators  through  the 
armature  of  a  third  alternator  not  running,  and  then  by  bring- 
ing this  third  machine  up  to  synchronous  speed  to  observe 
that  it  automatically  fell  into  step,  forming  a  delta-connected, 
three-phase  system.  The  oscillograph  showed  that  with  equal 
excitation  the  electromotive-force  curves  were  properly  spaced 
in  120°-positions,  and  that  by  varying  the  excitation  it  was 
easy  to  obtain  a  distorted  delta  of  any  desired  shape,  within 
reasonable  limits,  giving  a  simple  means  for  obtaining  any 
required  vector-difference  of  voltage  or  current,  especially  if 
one  of  the  machines  were  a  polyphase  machine  but  used  as  a 
single-phaser  in  a  delta  arrangement.  The  connection  was 
fairly  stiff,  it  being  possible  to  cut  off  the  driving  power  from 
two  of  the  machines,  when  they  became  alternating  motors 
and  carried  their  previous  driving  motors  as  load.  The  oscillo- 
graph showed  that  the  experiment  was  successfully  performed. 

Having  control  of  the  synchronizing  angle  at  the  180°-  and 
the  120°-  positions  we  felt  that  some  way  to  secure  the  desired 
0°-angle  must  be  available.  A  final  idea  of  trying  an  inductance 
without  any  iron  core  came  opportunely.  This  would  secure 
the  desired  lagging  current,  and  the  pure  inductance  acting 
instantaneously  would  not  permit  an  impulsive  rush  of  danger- 
ous value,  even  at  maximum  difference  of  phase.  A  trial  met 
with  flattering  success;  and  by  adjusting  the  amount  of  in- 
ductance we  found  that  for  a  7.5-kw.  machine  a  value  limiting 
the  maximum  current  to  about  half  its  full-load  amperes  seemed 
the  best,  having  due  regard  to  objectionable  reaction  upon  the 
system,  as  well  as  to  synchronizing  effect. 

The  experiments  were  tried  at  60-cycle  frequency,  and  the 
results  were  all  that  could  be  desired.  We  could  close  the 
switch  paralleling  two  machines,  while  the  machine  to  be  brought 
into  step  was  at  a  standstill,  and  then  with  approximate  ex- 


456  BROOKS  &  AKERS:  ALTERNATORS.  [May  29 

citation  it  could  be  started  and  on  reaching  synchronous  speed 
it  would  automatically  fall  into  step  smoothly,  and  with  im- 
expected  force,  when  the  excitation  could  be  adjusted  and 
the  inductance  cut  out. 

It  might  be  noted  here  that  the  circulating  current  between 
two  machines  connected  together  directly,  and  with  a  difference 
of  phase-relation,  is  by  no  means  equal  to  the  current  that 
would  momentarily  flow  if  the  machines  were  switched  together 
at  the  same  vector-difference;  that  is,  there  is  not  the  danger 
to  the  machinery  in  having  two  alternators  pull  apart,  that 
there  is  in  throwing  them  together  with  a  large  phase-angle. 
The  almost  non-inductive  character  of  the  synchronous  im- 
pedance of  two  large  alternators  at  the  first  moment  of  closing 
the  switch  is  the  critical  point  of  synchronizing. 

In  the  case  of  a  synchronous  converter,  started  from  the  di- 
rect-current side,  the  use  of  corcless  inductance  to  permit  the 
closing  of  the  connecting  switch  at  any  instant  is  found  to 
introduce  a  difficulty  not  present  when  the  converter  is  other- 
wise started.  This  is  the  occasional  tendency  of  the  converter 
to  race  as  a  direct-current  motor,  owing  to  the  weakening  of 
its  field  and  consequent  increase  of  armature  current.  This 
objectionable  tendency  is  easily  overcome  by  the  use  of  a  sec- 
ond inductance  connected  in  series  with  the  direct-current 
armature  and  additional  to  the  starting-box.  This  inductance 
should  be  with  iron  core,  and  it  will  act  to  prevent  the  rush  of 
current  due  to  any  weakening  of  the  field.  This  effect  need 
be  only  momentary,  as  the  converter  does  not  tend  to  race; 
once  forced  into  proper  phase-relation.  We  found  it  desirable 
to  have  the  speed  of  the  converter  brought  into  step  slightly 
below  synchronous  speed,  or  at  least  not  greater,  when  random 
closing  of  the  switch  was  uniformly  successful,  as  with  syn- 
chronous generators.  As  this  condition  is  a  perfectly  normal 
condition  of  operation  it  adds  no  complication.  It  may  be 
stated  that  when  synchronizing  by  means  of  condensers  with 
the  180^  phase-relation,  there  is  no  tendency  for  a  converter 
to  race  with  any  reasonable  difference  of  speed  either  above 
or  below  synchronism. 

We  believe  the  corcless  inductance  method  of  synchronizing 
particularly  applicable  to  synchronous  frequency  converters, 
although  we  have  had  no  opportunity  of  testing  it.  The  in- 
ductances should  be  arranged  for  connection  in  series  with 
both    frequencies.     Using    a    large    inductance,    or     purposely 
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regulating  the  speed  so  that  the  synchronizing  power  is  not 
quite  strong  enough  to  enforce  falling  into  step  at  either  fre- 
quency alone,  the  combined  synchronizing  power  of  both  sides 
will  exert  enough  force  to  draw  the  machines  into  step  promptly 
and  with  certainty.  The  customary  slipping  of  one  or  more 
poles  would  not  require  positive  manipulation  of  any  kind. 
Some  adjustment  might  be  necessary  to  attain  the  best  results. 

We  would  not  wish  it  understood  that  in  using  coreless  in- 
ductances for  safe  synchronizing  of  alternators  we  recommend 
closing  the  switch  at  random.  If  the  operator  closes  the  switch 
as  heretofore  at  approximately  the  moment  of  least  disturbance, 
a  refinement  of  operation  will  result.  The  operator  will  know 
that  any  error  of  judgme/it  will  at  worst  cause  an  almost  im- 
perceptible disturbance  of  the  system,  instead  of  a  possible 
disaster.  A  considerable  difference  in  the  excitation  of  two 
machines  will  not  interfere  in  any  way,  since  the  voltage  can 
be  adjusted  after  synchronizing.  Relieved  from  all  anxiety, 
the  operator  will  work  more  easily,  and  score  a  higher  average 
of  perfect  manipulations.  Less  time  is  needed  and  the  use 
of  a  synchroscope  is  not  required,  the  indications  of  the  lamp 
being  quite  accurate  enough.  The  proposed  inductance  may 
be  connected  either  in  the  primary  or  in  the  secondary  circuits 
of  alternators  as  desired,  and  while  its  value  in  henries  is  dif- 
ferent, the  weight  of  wire  in  the  coils  would  be  approximately 
the  same  in  either  case;  just  as  in  a  transformer  the  weights 
of  primary  and  secondary  windings  are  nearly  equal. 

The  cost  of  a  suitable  coreless  inductance  is  surprisingly 
small,  since  a  high  current-density  may  be  employed,  the  heat- 
ing effect  is  so  evanescent.  It  is  impossible  for  the  machines 
to  maintain  a  sensible  vector-difference  under  normal  conditions. 
Our  tests  indicate  that  a  flat  coil  of  large  diameter  for  self- 
synchronizing  need  not  cost  more  than  one  per  cent,  of  the 
value  of  the  machine  to  be  synchronized,  and  one  coil  might  be 
sufficient  for  an  entire  station.  Considering  the  advantages  of 
its  use,  the  cost  of  such  an  arrangement  is  negligible.  The  in- 
ductance for  use  in  the  direct-current  side  of  a  converter  to  be 
synchronized  is  of  the  same  order  as  for  the  altemating-ctirrent 
side,  but  it  is  not  quite  safe  to  predict  its  proper  value. 

Our  experiments  have  been  made  with  equal  success  upon 
various  types  of  converters  and  alternators,  including  the  in- 
ductor type.  Dissimilarity  of  wave-form  entails  no  difficulties. 
A  certain  hunting  action  that  was  always  present  with  regular 
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synchronizing  in  one  series  of  tests  was  entirely  absent  with 
the  new  method.  It  is  decidedly  easier  to  connect  in  parallel 
two  alternators  by  means  of  coreless  inductance  in  series,  than 
it  is  in  direct-current  operation  to  connect  a  second  generator 
to  the  bus-bars.  Our  experiments  have  introduced  the  in- 
ductance in  one  phase  only,  although  it  evidently  might  be  used 
in  all  phases,  should  such  method  offer  any  advantage.  The 
behavior  of  alternators  as  exhibited  in  the  oscillograph  curves 
whue  self-synchronizing  is  beautiful  to  observe,  and  we  regret 
that  the  recent  success  of  the  process  prevents  us  from  pre- 
senting photographic  records  of  the  curves  at  this   meeting. 
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MAGNETIC  PROPERTIES  OF  ELECTROLYTIC  IRON. 


BY    C.    F.    BURGESS    AND    A.    HOYT    TAYLOR. 


Iron  which  has  been  deposited  electrolytically  from  an  aque- 
ous solution  is  not  necessarily  a  definite  product,  but  varies 
in  chemical  composition  and  physical  constitution,  depending 
upon  the  adjustment  of  the  various  factors  which  govern  the 
deposition.  High  purity  is  a  property  frequently  ascribed  to 
electrolytic  iron,  and  it  is  probably  a  fact  that  by  no  other  means 
can  iron  be  purified  to  as  high  a  degree  as  is  possible  by  the 
electrolytic  method.  It  is  safe  to  say  that  absolutely  pure  iron 
has  never  been  produced  either  electrolytically  or  by  any  other 
method. 

The  incentive  which  has  led  to  a  large  amoimt  of  work  on 
the  electrolytic  refining  of  iron  is  the  need  of  a  material  of  a 
high  degree  of  purity  to  serve  as  a  basis  for  the  study  of  iron 
and  its  alloys.  Until  comparatively  recently  electrolytic  iron 
has,  however,  been  something  of  a  curiosity ,  due  to  the  difficulty 
of  depositing  it  in  anything  but  thin  layers.  Several  years  ago 
an  investigation  was  undertaken  in  the  applied  electrochemistry 
laboratory  of  the  University  of  Wisconsin,  looking  to  the  pro- 
duction of  electrolytic  iron  in  large  quantities;  and  as  a  result 
it  has  been  demonstrated  that  iron  may  be  refined  at  a  rate 
and  a  cost  comparable  to  that  existing  in  electrolytic  copper 
refining.  A  further  investigation  of  the  production  and  prop- 
erties of  electrolytic  iron,  and  of  various  alloys  made  from  it, 
has  been  made  possible  by  a  grant  from  the  Carnegie  Institution 
of  Washington.  While  working  under  this  grant,  nearly 
one  ton  of  electrolytic  iron  has  been  produced,  and  plates  one 
inch  in  thickness  and  weighing  75  lb.  have  been  made.  In 
following  the  question  of  a  large  scale  production,  particular 
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attention  was  not  given  to  the  matter  of  purity,  and  as  a  restilt 
the  iron  which  was  produced  did  not  equal  the  best  grades  of 
iron  obtained  on  the  market.  But  marked  improvement  has 
been  made  recently,  the  following  analyses,  for  which  acknowl- 
edgement is  made  to  Mr.  Andrew  A.  Blair,  showing  something 
of  the  degree  of  purity  obtainable. 

No.  1.  No.  2. 

Sulphur None.  0.001  % 

Silicon 0.013%  0.003% 

Phosphorus 0.004%  0.020% 

Manganese None.  None. 

Carbon 0.012%  0.033% 

Hydrogen 0.072%  0.083% 

It  may  be  noted  that  hydrogen  is  present  in  an  amount 
greatly  exceeding  all  the  other  impurities  combined,  and  it  is 
to  the  presence  of  this  element  that  the  characteristic  properties 
of  electrolytic  iron  are  usually  ascribed.  It  is  well  known  that 
electrolytic  iron  as  taken  from  the  depositing  solution  is  usually 
hard  and  brittle,  and  to  such  a  degree  that  it  may  be  crushed 
to  a  powder.  Upon  heating  to  a  temperature  of  about  1  000® 
cent,  and  upward,  it  becomes  soft  and  malleable. 

The  exact  cause  of  this  remarkable  change  of  physical  prop- 
erties is  not  clearly  apparent,  though  since  some  hydrogen  has 
been  observed  to  be  given  o(T  during  the  heating  operation,  a 
relationship  has  been  held  to  exist  between  the  hardness  of  the 
iron  and  the  hydrogen  content.  Some  doubt  is  cast  upon  the 
existence  of  such  relationship  through  the  fact  that  similar 
amounts  of  hydrogen  have  been  found  in  soft  electrolytic  iron 
which  had  been  fused  and  in  hard,  brittle  iron  before  fusion. 
The  question  is  one  calling  for  further  investigation. 

It  is  well  known  that  the  magnetic  properties  of  electrolytic 
iron  are  altered  to  a  great  degree  by  heat  treatment,  and  it  is 
the  purpose  of  an  investigation  now  under  way  to  establish 
the  relationsliip  between  coercive  force,  permeability,  hys- 
teresis constants,  etc.,  and  the  temperature  at  which  the  iron 
is  heated.  This  paper  is  intended  only  as  a  short  preliminary 
report  on  work  which  has  been  under  way  for  some  time,  but 
which,  owing  to  diiTiculties  encountered  in  depositing  and 
machining  of  the  samples  to  l)e  tested,  has  made  but  slow 
progress. 

To  prepare  the  test  specimens  necessary  for  the  Rowland 
ring  method  of  magnetic  measurement,  plates  of  electrolytic 
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iron  about  one  inch  in  thickness  were  deposited  from  a  ferrous 
sulphate  solution  slightly  acidified,  containing  also  a  small 
amount  of  ammonitim  sulphate.  This  deposition  required  about 
eight  weeks.  The  resultant  plate  was  ground  smooth,  and  the 
ring  was  made  from  it  by  drilling  and  grinding,  care  being 
taken  to  prevent  the  metal  from  becoming  heated.  The  first 
ring  had  to  be  rejected  on  accoimt  of  a  crack  which  developed 
in  it.  The  first  one  upon  which  the  measurements  here  described 
were  made,  had  an  average  radius  of  4.34  cm.  and  a  rectangular 
cross  section  1.158  cm.  by  1.278  cm. 

The  primary  winding  of  No.  18  wire  was  chosen  to  give  a 
field  strength  of  20  dynes  per  ampere  of  primary  current,  and 
the  secondary  winding  had  350  turns  of  No.  26  wire. 

A  Rowland  D'Arsonval  galvanometer  whose  calibration  curve 
was  accurately  known,  was  used  ballistically  in  obtaining  the 
first  hysteresis  curves  by  the  step-by-step  method.  The  cali- 
bration curve  of  such  a  galvanometer  is  generally  not  a  straight 
line,  and  this  fact,  combined  with  the  change  of  the  logarithmic 
decrement  with  various  external  resistances,  renders  the  com- 
putations somewhat  laborious,  since  the  factor  of  reduction 
depends  on  the  size  of  the  deflections  and  on  the  total  sec- 
ondary circuit  resistance.  It  has  the  advantage  of  having  a 
definite  control,  not  depending  on  the  earth's  magnetic  field, 
and  for  this  reason  has  tempted  many  to  use  it  in  connection 
with  ballistic  methods  for  magnetic  induction.  Unfortunately, 
in  many  cases  the  instrument  is  assumed  to  have  a  constant] 
that  is,  the  factor  to  change  from  deflections  to  inductions  is 
taken  the  same  for  all  deflections.  This  is  certainly  not  the 
case  in  many  instruments  of  this  type. 

Later  on  in  this  work  the  Rowland  galvanometer  was  discarded 
and  a  Nalder  instrument  of  the  suspended  astatic  needle  type 
was  used.  This  was  provided  with  a  thick  laminated-iron 
shield  to  exclude  external  magnetic  disturbances,  and  proved 
to  be  very  satisfactory.  The  logarithmic  decrement,  or  damp- 
ing factor,  was  so  small,  even  on  closed  circuit,  that  it  could 
be  neglected,  and  it  was  therefore  not  necessary  to  calibrate 
it  with  a  standard  solenoid,  but  rather  with  an  Elliot  condenser 
and  standard  cell. 

One  of  the  principal  difficulties  encountered  was  the  elim- 
ination of  errors  due  to  magnetic  viscosity.  This  is  the  slow 
but  very  appreciable  change  of  magnetic  induction  which 
takes  place  some  time  after  the  change  in  field  has  been  made, 
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and  hence  is  not  taken  account  of  in  the  galvanometer  deflec- 
tion. Thus  an  additive  error  is  introduced  in  the  step-by-step 
method,  depending  on  the  number  of  steps  made.  We  very 
early  discovered  that  the  maximum  induction  as  determined 
by  this  method  did  not  agree  with  that  obtained  by  the  method 
of  reversals,  and  much  time  was  spent  in  running  down  the 
discrepancy,  which  is  by  no  means  peculiar  to  electrolytic  iron. 
In  fact  this  part  of  the  work  is  the  subject  of  a  separate  report 
by  one  of  us,  to  be  published  a  few  months  later.  Suffice  to 
say  here,  that  the  additive  errors  due  to  viscosity  may  be  elim- 
inated by  the  following  modification  of  the  step-by -step  method. 
The  primary  P  of  the  test-ring  (Fig.  1)  is  connected  through 
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Fig.  1. 

the  reversing  switch  C,  and  the  single  pole  switch  5,  with  the 
storage-battery  and  ammeter  .1.  The  storage-battery  is  con- 
nected with  a  sliding  contact  wire  rheostat,  r,  through  the  two 
switches  S,  and  5^,  which  have  flexible  leads  with  clips  which 
can  be  attached  to  the  rheostat  at  any  desired  point,  The 
secondary  of  the  test  ring  is  connected  through  the  resistance 
Rp  the  switch  .Sp  the  reversini^  switch  C\  and  the  control-coil 
K  with  the  galvanometer  G.  This  is  the  same  scheme  of  con- 
nections used  in  the  ordinary  step-l)y-step  method.  The 
modification  lies  in  the  method  of  procedure,  which  for  that 
part  of  the  hysterises  curve  between  saturation  point  and  re- 
tentivity  point  is  as  follows; 
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Sj  is  connected  to  the  rheostat  in  such  a  position  that  the 
primary  current  is  sufficient  to  produce  a  saturation  field. 
54  is  then  connected  at  such  a  point  on  the  rheostat  tiiat  if 
S3  were  open  a  primary  current  would  flow,  corresponding  to 
any  desired  field  less  than  the  saturation  field.  At  the  end  of 
any  observation  the  switches  will  be  in  these  positions:  S^ 
closed,  52  closed,  5,  open,  S^  closed.  For  the  next  observation, 
the  procedure  is  as  follows: 

Open  Si.  Set  S4  for  the  next  primary  current  desired,  cor- 
responding to  a  field  less  than  for  the  previous  observation. 
Close  S3,  bringing  the  iron  to  saturation  point.  Close  Sj  and 
bring  the  galvanometer  to  rest  with  the  control-coil  K.  Then 
finally,  open  S3,  observing  the  galvanometer  throw.  This  gives 
the  change  in  induction  from  saturation  point  to  any  desired 
lower  field,  and  the  method  is  the  same  for  all  points  between 
saturation  point  and  retentivity  point. 

For  the  points  between  retentivity  and  negative  saturation 
the  induction  changes  are  reckoned  from  the  retentivity  point 
and  the  switches  at  the  end  of  an  observation  will  be  in  the 
same  positions  as  for  the  first  case.  For  the  next  observation 
the  procedure  is  as  follows:  Open  S^.  Set  S4  for  the  next 
primary  current  desired.  The  induction  will  have  some  value 
such  as  at  -Y  on  the  largest  curve,  Fig.  2.  Reverse  Cj,  and 
close  Sj,  bringing  the  iron  back  to  saturation  point.  Open  Sj, 
bringing  the  iron  to  retentivity  point.  Reverse  Cj  again. 
Close  5 1  and  bring  the  galvanometer  to  rest.  Close  Sj,  and 
observe  the  deflection  of  the  galvanometer.  This  gives  the 
change  in  induction  from  retentivity  point  to  any  point  such 
as  -Y.  The  method  is  the  same  for  all  points  as  far  as  negative 
saturation.  The  other  branch  of  the  curve  is  done  in  the  same 
way.  It  takes  nearly  twice  as  long  to  run  a  curve  by  this 
method  as  by  the  step-by-step  method,  but  the  errors  due  to 
magnetic  viscosity  arc  practically  eliminated. 

Curve  1,  Fig.  2,  was  not  obtained  by  this  method,  as  we  were 
not  at  first  aware  that  the  magnetic  viscosity  existed  to  any 
serious  extent  in  the  electrolytic  iron.  The  values  of  B  are 
probably  several  per  cent,  too  low,  but  the  curve  shows  several 
rather  remarkable  properties.  The  iron  is  evidently  very 
hard,  as  indeed  its  other  physical  properties  show.  The 
coercive  force  is  IS  dynes,  and  the  retentivity  10  000.  This 
would  have  come  a  little  higher  had  the  viscosity  error  been 
eliminated.     It   seems  that   the   field  of   210  dynes  does  not 
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saturate  the  iron,  although  it  carries  the  induction  to  the  high 
value  of  21  250.  At  the  same  time  there  is  relatively  little 
area  added  to  the  hysteresis  loop  by  running  the  field  so  high. 

It  is  known  that  heating  causes  the  liberation  of  hydrogen 
from  electrolytic  iron,  the  evolution  beginning  at  comparatively 
low  temperatures  and  increasing  as  the  temperature  is  raised. 
The  test-ring  was  heated  for  several  hours  at  a  temperature 
of  200*^  cent.,  and  magnetic  tests  again  made.  These  gave  a 
curve  almost  identical  with  the  first,  and  showed  either  that  it 
is  not  the  hydrogen  in  itself  which  contributes  to  the  magnetic 
properties  of  electrolytic  iron  or  that  the  amount  of  hydrogen 
liberated  was  not  sufficiently  great  to  alter  the  magnetic 
measurements  materially. 

The  ring  was  then  unwound,  embedded  in  magnesium  oxide, 
and  heated  for  eight  hours  at  about  1  200®  cent.  In  this  pro- 
cess a  small  portion  was  corroded  on  one  side,  necessitating 
the  turning  down  of  the  ring,  and  hence  a  different  choice  of 
windings.  The  ring  was  found  to  be  much  softer  than  at  first, 
and  on  being  tested  by  the  step-by-step  method,  gave  values 
for  the  magnetic  induction  17%  lower  than  those  obtained 
by  the  method  of  reversals.  As  explained  earlier  in  this  paper, 
this  was  traced  to  magnetic  viscosity,  and  a  modified  ballistic 
method  was  devised  to  eliminate  the  error.  The  dotted  curve 
was  obtained  by  this  method,  and  comparison  with  the  large 
curve  shows  that  a  tremendous  change  had  taken  place  with 
the  heating  at  1  200®  cent.  The  iron  is  now  in  the  condition 
of  a  rather  soft  steel,  with  a  coercive  force  of  about  2.5  dynes, 
a  retentivity  of  12  500  and  a  large  amount  of  magnetic  vis- 
cosity in  the  steep  parts  of  the  curve.  A  second  heating  of  the 
ring  to  over  1  200°  cent,  produced  no  appreciable  change  in 
the  magnetic  properties. 

Another  ring  was  prepared  of  electrolytic  iron  deposited 
from  a  solution  maintained  more  nearly  neutral  than  in  the 
former  case,  the  deposit  being  somewhat  less  hard  and  brittle 
and  the  fracture  showing  a  finer  crystalline  structure.  The 
mean  radius  of  this  ring  was  4. 175  cm. ;  the  width  of  face  0.97  cm. ; 
and  the  thickness  0.768  cm. 

The  primary  turns  were  418,  and  the  secondary  350.  The 
curve  II  was  obtained  from  this  ring  by  the  modified  ballistic 
method,  and  is  evidently  like  cur\^e  I,  except  that  the  pecu- 
liarities are  not  so  marked.  A  field  of  100  dynes  gives  a  max- 
imum induction  of  15  750,  and  a  retentivity  of  10  300.    The 
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coercive  force  is  11  dynes.  The  iron  is  still  very  hard,  but  its 
other  physical  properties  also  indicate  that  it  is  not  so  hard 
as  the  first  sample. 

After  some  further  tests  have  been  made  on  this  ring  it  will 
be  heated  to  various  temperatures  and  tested,  with  a  view  of 
determining  at  just  what  temperature  the  area  of  the  hysteresis 
loop  begins  to  change  rapidly. 

Magnetic  viscosity  is  usually  found  in  rather  soft  steels,  of 
low  coercive  force,  or  even  in  many  samples  of  soft  iron.  It 
was  therefore  a  matter  of  surprise  to  find  that  the  step-by-step 
method  gave  values  of  the  maximtim  induction  for  ring  II  6% 
lower  than  those  obtained  by  the  method  of  reversals,  and  by 
the  modified  ballistic  method.  This  indicates  a  considerable 
amount  of  magnetic  viscosity.  We  hope  to  have  some  laminated 
annealed  rings  in  the  near  future,  and  to  continue  this  investiga- 
tion with  these  and  with  some  rod  samples,  as  well  as  with  the 
rings  we  now  have. 
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Discussion    on    **  Magnetic    Properties    of    Electrolytic 
Iron,"  at  Milwaukee,  Wis.,  May  30,  1906. 

E.  F.  Northrup:  It  is  well  known  that  if  aluminum  has 
alloyed  with  it  a  small  per  cent,  of  copper  the  electrical  conduc- 
tivity of  the  aluminum  is  lowered;  the  addition  of  a  metal  of 
better  conductivity  to  aluminum  thus  reducing  instead  of  increas- 
ing its  conductivity.  I  would  like  to  ask  if  Professor  Burgess 
has  found  an  analagous  effect  in  which  the  permeability  of  pure 
nickel  is  decreased  by  the  addition  to  it  of  a  small  per  cent,  of 
pure  electrolytic  iron,  or,  on  the  contrary,  does  the  addition 
of  iron  to  nickel  increase  the  permeability  of  the  nickel? 

I  would  also  like  to  inquire  if  he  has  produced  all  his  electro- 
lytic iron  from  wet  solutions,  or  are  there  salts  of  iron  which 
can  be  fused,  and  the  iron  deposited  from  them  electrolytically 
when  in  a  molten  state? 

I  am  naturally  interested  in  his  method  of  making  measure- 
ments of  permeability,  and  I  am  rather  sorry  to  see  that  he  has 
abandoned  the  tise  of  so  excellent  an  instrument  as  the  D'Arson- 
val  galvanometer.  I  think  the  D'Arsonval  galvanometer,  if 
properly  constructed  and  properly  used,  is  entirely  reliable,  and 
far  more  convenient  than  any  other  form  of  galvanometer  when 
used  for  this  kind  of  work. 

The  essential  features  that  the  D'Arsonval  galvanometer 
should  possess  for  this  class  of  work  arc  easily  gotten.  The 
damping  should  be  electromagnetic,  the  shape  and  weight  of  the 
coil  being  such  that  the  air  damping  is  reduced  to  a  minimum. 
The  calibration  of  the  galvanometer  can  be  accurately  made  by 
means  of  a  standard  of  mutual  inductance,  and  the  secondary  of 
this  standard  should  be  permanently  in  circuit  with  the  gal- 
vanometer and  test -coil.  Since  copper  changes  about  ^.4% 
per  degree  centigrade  in  resistance,  the  external  portion  of  the 
galvanometer  circuit  should  be  not  of  copper  but  of  manganin 
or  other  wire  of  nearly  zero  temperature  coefficient.  With  these 
and  other  features  of  construction  observed  the  constant  of 
a  ballistic  D'Arsonval  can  be  made  very  constant,  and  satisfac- 
tory sensibility  can  be  obtained  for  permeability  tests.  Years 
of  experience  in  working  with  both  Thompson  and  D'Arsonval 
galvanometers  has  led  me  to  prefer  the  D'Arsonval  galvanometer 
for  all  classes  of  work  except  where  the  most  extreme  sensibility 
is  required,  as  is  the  case  when  a  bolometer  is  used. 

The  magnetic  viscosity  of  which  Professor  Burgess  has  spoken 
is  a  very  interesting  property  of  the  metal,  and  I  would  like 
to  have  him  tell  us,  if  he  is  willing,  how  it  is  explained  on  Ewing's 
theory  of  magnetism,  and  also  what  relation  it  bears  to  the 
"  soaking  in  "  of  a  condenser. 

D.  C.  Jackson:  This  paper  shows  a  small  detail  of  some  re- 
search that  Professor  Burgess  has  been  doing.  Professor  Bur- 
gess has  done  a  tremendous  amount  of  work  in  an  effort  to  pro- 
duce  pure   electrolytic   iron  in  large  quantities,  so  that   large 
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samples  may  be  tested  and  we  may  be  able  to  find  out  what  its 
individual  qualities  are.  After  having  found  that  he  could  make 
what  seemed  to  be  pure  ^electrolytic  iron  in  quantities  sufficient 
to  handle,  he  became  ambitious  to  make  it  in  large  quantities, 
great  chunks,  big  cathodes,  Jike  those  of  electrically  refined 
copper;  in  that  process  he  has  gotten  to  a  point  where  the  iron 
is  not  very  pure.  I  presume  an  Qqual  amount  of  energy  will 
now  have  to  be  put  into  the  research  to  come  to  these  big  cathodes 
while  n.aintaining  the  deposited  iron  chemically  pure.  The 
discussion  of  that  work  may  wisely  some  day  come  before  this 
Institute.  This  may  seem  to  some  like  a  matter  of  purely 
philosophical  interest,  but  alter  all,  it  may  have  a  tremendous 
influence  upon  all  the  industries  in  which  iron  plays  a  part, 
including  the  electrical  industries. 

The  metallurgy  of  iron  and  its  alloys  is  purely  a  matter  of 
rule  of  thumb  at  the  present  time,  and  that  is  largely  due  to  the 
fact  that  it  has  been  impossible  to  get  pure  iron  in  sufficient 
quantities  to  investigate  and  experiment  with,  so  that  we  may 
discover  what  its  characteristics  are.  It  is  with  that  in  view 
that  Professor  Burgess  has  entered  on  this  investigation,  and  I 
believe  that  he  is  going  to  get  something  very  much  worth  while. 
This  little  feature  which  he  brings  before  us  to-day  is  a  matter 
of  side  interest,  on  account  of  the  magnetic  test.  I  want  to  point 
out  in  this  connection  an  element  of  interest.  You  will  notice 
that  the  iron  was  deposited  and  the  rings  were  then  ground  out 
of  the  deposit,  directly  from  the  cathodes.  Of  course  that  is 
done  partly  for  the  purpose  of  being  able  to  test  the  iron  as  it 
comes  in  the  deposited  chunks,  that  is,  without  the  effects  of 
heat  treatment;  but  I  will  add  that  I  think  Professor  Burgess 
has  not  been  able  to  melt  the  pure  iron  in  sufficient  quantities, 
and  still  keep  it  uncontaminated,  to  cast  rings,  and  that  is 
another  one  of  the  tremendous  difficulties  he  is  now  working  with. 
He  has  been  using  the  heat  of  the  electric  furnace  in  order  to 
supply  the  melting  temperature,  and  to  begin  with  he  finds  it 
necessary  to  work  out  new  crucibles  of  refractory  materials 
which  will  not  deteriorate  the  iron. 

I  bring  these  matters  to  your  attention  with  the  purpose  of 
giving  you  an  idea  of  the  magnitude  of  the  work  Professor 
Burgess  is  trying  to  carry  on,  so  that  you  will  not  think  that  the 
magnetic  testing  of  a  few  rings  ground  out  of  cathodes  is  by  any 
means  the  limit  of  his  extended  and  really  magnificent  piece 
of  investigaticn  which  he  has  been  carrying  on  for  several  years 
and  probably  will  continue  to  carry  on  for  a  number  of  years. 

Charles  F.  Scott:  One  of  the  attractive  points  of  this  paper  is 
the  reduced  loss  from  hysteresis,  and  the  possible  application 
of  the  material  in  the  construction  of  dynamos,  transformers 
and  the  like.  I  notice  that  the  curves  are  taken  at  a  fairly  high 
induction.  I  inquire  whctlier  the  same  ratio  of  losses  prevails 
at  lower  induction  as  in  the  cases  here  taken?  The  amount  of 
energy  which  is  used  in  overcoming  hysteresis  in  commercial 
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apparatus  probably  runs  into  millions  of  dollars  every  year. 
This  fact  opens  up  the  suggestion  of  a  very  important  applica- 
tion for  the  improvement  of  electrical  apparatus,  if  this  kind  of 
iron  should  be  found  amenable  to  the  forms  of  construction 
necessary  in  electrical  apparatus. 

W.  L.  R.  Emmet:  I  notice  that  curve  1  and  curve  3  are  made 
from  the  same  sample,  with  very  different  characteristics. 
I  would  suggest  that  to  make  a  sample  out  of  an  electrically 
deposited  mass  of  iron  would  be  a  rather  uncertain  way  of  inves- 
tigating its  properties,  inasmuch  as  it  might  not  be  homogeneous 
and  certainly  would  not  be  in  a  commercially  useful  form.  The 
simple  process  of  heating  changes  it.  I  think  the  iron  should 
be  forged  and  worked  to  some  degree  equivalent  to  that  required 
for  practical  use,  so  that  the  useful  properties  might  be  studied. 
We  would  be  left  to  suppose  that  the  differences  of  all  these  curves 
were  caused  by  some  mere  mechanical  changes  in  the  arrange- 
ment of  particles,  and  that  this  is  not  really  a  chemical  study 
of  the  iron  at  all,  but  a  study  of  the  mechanical  conditions. 

C.  P.  Steinmetz:  The  only  experience  I  have  had  with 
electrolytic  iron  was  about  14  years  ago,  when  investigating 
the  hysteresis  and  permeability  of  iron.  I  used  the  same  electro- 
lyte, a  sulphate  of  iron-ammonia  solution,  and  used  as  negative 
merctiry.  This  gave  an  amalgam  containing  about  11%  iron. 
The  magnetic  analysis  showed  almost  constant  permeability 
of  2,  and  a  high  hysteresis  loss.  This  amalgam  of  iron,  heated 
for  a  considerable  time  beyond  the  boiling  point  of  mercury, 
left  a  spongy  mass  of  pretty  neariy  pure  iron,  which  had  the  same 
characteristics  as  shown  here:  a  very  considerable  hardness 
and  a  very  large  hysteresis  loss,  although  hydrogen  in  this  case 
could  hardly  be  in  the  iron.  In  short,  it  represented  hard  and 
not  soft  iron. 

The  question  of  the  magnetic  properties  of  iron,  as  Mr.  Scott 
has  said,  is  very  important  for  the  electrical  engineer,  and  since 
this  is  the  only  paper  at  the  convention  dealing  with  magnetism, 
I  think  it  desirable  to  draw  your  attention  to  the  great  change 
in  our  conception  of  magnetism  which  is  taking  place  at  the 
present  time,  due  to  the  work  of  the  last  few  years. 

We  have  been  used  to  consider  magnetic  permeability  as  a 
property  of  a  few  selected  materials — iron,  nickel,  cobalt,  mag- 
netite and  oxygen.  There  is  one  oxide  of  chromium  Cr509, which 
is  strongly  magnetic,  comparable  with  magnetite,  but  difficult  to 
get.  In  the  last  few  years  a  remarkable  alloy  has  been  found, 
containing  copper,  aluminum,  and  manganese;  in  the  percentage 
of  60  to  65  copper,  20  manganese,  and  the  rest  aluminum.  This 
alloy  shows  a  fairly  high  magnetic  permeability.  Manganese 
has  never  been  considered  as  a  magnetic  material,  and  a  small 
per  cent,  of  manganese  in  iron  spoils  its  magnetic  characteristics. 
The  manganese-copper-aluminum  alloy  acts  almost  inversely 
to  iron.  If  iron  is  heated  and  suddenly  chilled  it  gets  hard  and 
of  low  permeability.     This  alloy,  as  it  is  cast  and  slowly  cooled. 
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has  low  permeability,  you  can  just  notice  the  attraction  by  a 
magnet ;  but  if  it  is  heated  and  suddenly  chilled  the  permeability 
is  quite  high,  and  still  more  so  by  melting  it  in  a  blast  flame  and 
letting  it  drop  into  water.  I  give  you  this  preliminary  state- 
ment ;  the  exact  data  I  must  reserve  for  a  future  time.  This 
alloy  I  should  say  is  between  magnetite  and  nickel,  regarding 
its  magnetic  characteristics. 

My  attention  has  been  called  by  Dr.  Harden  to  a  still  more 
curious  material.  If  about  three  parts  antimony  and  one  part 
manganese,  powdered  or  coarsely  granulated,  are  heated  in  a 
test  tube,  that  is,  to  a  moderate  temperature,  then  the  mixture 
which  before  was  entirely  non -magnetic,  is  strongly  magnetic, 
while  still  apparently  a  loose  powder,  and  shows  the  lines  of  force 
of  a  magnetic  field,  like  iron  filings.  This  has  led  me  to  investi- 
gate, and  I  have  found  that  if  antimony  is  melted  in  the  presence 
of  manganese  it  becomes  magnetic  to  a  somewhat  less  extent  than 
magnetite;  it  has  probably  a  saturation  value  of  3000  or  4000 
lines  per  square  centimeter;  but  even  with  such  a  very  small 
quantity  of  manganese  in  the  antimony  that  a  rough  qualitative 
analysis  found  no  manganese,  the  antimony  was  quite  strongly 
para-magnetic.  I  then  tried  zinc.  I  melted  zinc  and  main- 
tained it  at  a  temperature  fairly  high  above  the  melting  point,  in 
the  presence  of  manganese,  but  it  did  not  lead  to  any  results, 
possibly  because  manganese  is  covered  with  an  oxide  film,  and 
is  not  dissolved.  But  by  carefully  dropping  a  piece  of  manga- 
nese suddenly  into  the  melted  zinc,  I  succeeded  in  getting  a  small 
quantity  of  the  zinc  containing  manganese  which  was  itrongly 
para-magnetic.  I  went  further,  and  added  sodium,  melting 
zinc  with  a  small  percentage  of  manganese  and  sodium,  the 
sodium  acting  as  the  reducing  agent,  and  the  zinc  so  dissolved 
manganese  and  formed  a  magnetic  alloy.  In  looking  over  my 
samples  I  found  a  piece  of  manganese  tin  which  had  been  lying 
on  a  shelf  for  years  and  it  was  quite  strongly  para-magnetic. 

Herefrom  it  seems  to  follow  that  manganese  is  a  magnetic  metal, 
but  is  non-magnetic  when  free,  but  strongly  magnetic  in  alloys. 
If  the  metal  by  itself  could  be  made  to  exhibit  the  same  permea- 
bility as  pure  metal  as  it  has  in  alloy,  it  would  be  several  times 
more  magnetic  and  have  a  magnetic  saturation  several  times 
higher  than  soft  iron.  That  led  me  to  the  conclusion  that  in  the 
copper,  aluminum  and  manganese  alloy,  the  aluminum  is  the 
reducing  agent,  which  reduces  the  oxide  film  on  the  manganese, 
and  so  makes  the  copper  dissolve  the  manganese.  Therefore  it 
follows  that  there  are  alloys  which  contain  no  iron,  nickel,  or 
cobalt  but  still  have  an  appreciable  permeability,  and  it  is  not 
impossible  that  there  might  be  found  alloys  of  metals  which 
have  permeabilities  higher  than  iron.  Obviously,  it  would  be 
extremely  valuable  for  the  electrical  engineer  if  something  could 
be  found  more  magnetic  than  iron.  At  the  present  time,  how- 
ever, in  my  opinion,  there  is  no  chance  for  that;  but  the  whok 
field  which  opens  up  here  regarding  our  views  on  magnetisnc 
is  extremely  interesting  and  worthy  of  further  exploration. 
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I  intend  to  give  a  paper  on  this  subject,  with  some  numerical 
values,  but  have  not  yet  succeeded  in  finding  the  time  fully  to 
investigate  the  subject,  particularly  to  determine  the  exact 
numerical  constants,  and  so  I  give  this  statement  as  preliminary, 
and  shall  perhaps  at  some  other  time  give  further  information. 
Perhaps  somebody  else  may  be  willing  to  investigate  further  the 
magnetic  qualities  of  manganese  alloys. 

<f.  P.  Burgess:  There  appears  to  be  no  fundamental  reason 
why  iron  may  not  be  deposited  from  a  fused  bath  as  well  as  from 
an  aqueous  one,  but  no  one  appears  as  yet  to  have  pointed  out 
a  suitable  composition  of  fused  salts  for  this  purpose 

Magnetic  viscosity  is  a  property  of  iron  which  was  reoognized 
by  Ewing. 

The  reasons  for  discarding  the  D* Arson val  galvanometer  for 
the  astatic  needle  type  are  covered  in  the  paper,  and  for  reasons 
more  in  detail  the  speaker  begs  to  refer  the  matter  to  Mr.  A.  Hojrt 
Taylor  who  has  made  a  special  study  of  magnetic  tests  and  who 
proposes  to  carry  the  study  of  the  magnetic  porperties  of  electro- 
lytic iron  through  the  coming  year. 

Whether  hydrogen  is  held  physically  or  chemically  in  electro- 
deposited  iron  is  a  matter  upon  which  there  is  a  difference  of 
opinion  and  it  has  not  been  proved  conclusively  one  way  or  the 
other.  It  is  not  unreasonable  to  suppose  that  it  may  be  held 
both  physically  and  chemically,  from  the  fact  that  some  of  the 
hydrogen  is  liberated  at  the  temperature  of  boiling  water,  while 
perhaps  a  greater  part  of  it  is  held  with  great  tenacity  and  is  not 
expelled  even  when  the  iron  is  melted. 

The  question  has  been  raised  as  to  whetlier  the  ratio  of  the 
magnetic  cycles  for  heated  and  unheated  electrolytic  iron  is  the 
same  for  low  fields  ae  it  is  for  high  ones.  While  tests  have  not 
been  made  to  prove  that  the  ratio  is  exactly  the  same,  it  is 
undoubtedly  approximately  so.  The  curves  given  in  this  paper 
do  not  show  the  results  of  the  best  samples  of  iron  which  have 
been  produced,  and  in  fact  the  permeability  can  be  increased 
and  the  hysteresis  reduced  by  suitable  heat  or  chemical  treat- 
ment. As  to  the  suggestion  that  the  tests  would  have  been  more 
complete  had  the  iron  been  forged,  it  may  be  pointed  out  that 
it  was  not  the  purpose  of  the  paper  to  deal  with  the  magnetic 
properties  of  the  melted  oi  forged  iron,  although  one  hundred 
or  more  samples  have  actually  been  made  from  melted  ingots. 
The  magnetic  properties  of  the  forged  iron  are  different  from 
those  of  the  iron  heated  as  described,  but  as  to  what  this  differ- 
ence may  be  due  is  a  subject  for  further  investigation. 

To  the  very  interesting  information  which  Dr.  Steinmetz  has 
given  relative  to  magnetic  materials  in  which  iron  is  not  present, 
at  least  one  additional  compound  may  be  mentioned.  Dr.  O.  P. 
Watts  found  on  carrying  on  an  investigation  of  electric  furnace 
products  in  the  Applied  Electrochemistry  Laboratory  of  the 
University  of  Wisconsin  that  manganese  boridc,  a  definite  com- 
pound free  from  iron,  has  striking  magnetic  properties. 
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R.  A.  Fessenden  (by  letter) :  Tlie  determination  of  the  mag- 
netic properties  of  electrolytic  iron  is  of  very  great  importance, 
not  only  from  a  commercial  but  more  especially  from  a  scientific 
standpoint.  Professor  Burgess'  method  of  producing  the  iron 
enables  us  for  the  first  time  to  obtain  a  sufficient  quantity  of  the 
material  for  test.  The  grant  from  the  Carnegie  Institute  will 
enable  the  work  to  be  carried  out,  and  we  have  therefore  good 
grounds  for  hoping  that  Professors  Burgess  and  Taylor  may 
succeed  in  settling  the  question. 

The  methods  used,  as  described  in  this  Institute  paper,  are, 
however,  entirely  inadequate  to  give  any  accurate  resiilts.  At 
least  some  dozen  sources  of  error  have  not  been  taken  into 
consideration.  For  example,  the  dimensions  of  the  rings  used 
would  absolutely  prevent  any  correct  results  being  obtained, 
since  the  value  of  H  on  the  outer  edge  of  the  ring  is  25%  greater 
than  that  on  the  inner  edge  of  the  ring,  and  any  curves  obtained 
would  therefore  be  merely  composites  of  a  number  of  curves  ior 
a  range  of  H  varying  25%. 

Before  taking  up  this  work,  it  would  be  advisable  to  consult 
the  literature  on  the  subject  for  the  purpose  of  eliminating 
sources  of  error.  A  brief  list  of  the  majority  of  these  has  been 
given  by  the  writer  in  a  paper  on  *'  The  Nature  of  the  Electric 
and  Magnetic  Quantities,"  Physical  Review,  February,  1900. 
Also  the  papers  of  Hopkinson  and  others  on  the  rate  of  decay 
of  magnetization  in  solid  bars,  should  be  consulted.  As  a  matter 
of  fact,  it  is  doubtful  whether  it  is  worth  while  making  any  experi- 
ments on  solid  rings,  as  there  is  no  known  and  practicable  way 
in  which  the  effect  of  interior  eddy-current  lags  can  be  eliminated, 
and  probably  correct  results  can  only  be  obtained  from  rings 
made  from  thin,  laminated,  carefully  insulated  sheets,  or  radius 
large  in  comparison  with  the  thickness  of  the  torus,  and  care- 
fully wound  to  prevent  magnetic  leakage. 

I  call  attention  to  these  sources  of  error  for  the  reason  that 
the  present  opportunity  on  account  of  the  ability  of  the  gentle- 
men engaged  in  the  work,  and  other  favorable  circumstances, 
offers  such  an  excellent  opportunity  of  settling  the  question 
once  and  for  all  that  it  would  be  a  matter  of  regret  if  all  errors 
were  not  eliminated. 
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MEASUREMENT  OF  TEMPERATURE  BY  ELECTRICAL 

MEANS. 


BY  EDWIN  F.  NORTHRUP. 


The  measurement  of  a  physical  quantity  implies,  generally, 
the  numerical  comparison  of  the  quantity  with  a  certain  se- 
lected quantity  of  the  same  kind  taken  as  a  imit.  Temperature, 
however,  can  not  be  treated  as  a  quantity  in  the  same  sense. 
It  is  rather  to  be  considered  as  a  state  in  which  matter  is  found, 
and  all  temperature  measurements  are  made  by  comparing 
the  changes  produced  by  heat  in  some  form  of  matter.  As 
shown  by  Lord  Kelvin  as  early  as  1848,  temperature  may  be 
expressed  on  a  scale  which  is  independent  of  any  particular 
form  of  matter,  but  this  thermodynamic  scale  can  not  be  used 
in  actual  temperature  measurements,  which,  in  practice,  con- 
sist in  comparing  the  changes  in  some  particular  forms  of 
mavter  produced  by  heat. 

Certain  gases  change  in  volume  under  constant  pressure  or 
change  in  pressure  under  constant  volume  in  a  nearly  regular 
manner  with  equal  increments  of  temperature,  as  estimated  on 
the  thermodynamic  scale.  Gas  thermometers  have,  therefore, 
naturally  been  chosen  as  standards  with  which  to  compare 
the  changes  in  various  forms  of  matter,  which  changes  may 
then  serve  as  a  convenient  means  of  temperature  measurement. 

It  is  probable  that  all  matter  exhibits  more  or  less  change 
with  even  slight  temperature  variations.  Upon  no  physical 
phenomenon  are  human  affairs  more  dependent  than  upon 
temperature  and  its  relatively  small  natural  variations.  It  is  ow- 
ing to  the  fortuitous  circumstance  that  our  planet  now  continues 
at  about  the  one  twenty -fifth  of  its  probable  past  temperature 
that  life  as  we  know  it  can  exist.     But  only  in  the  last  century 
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has  the  science  of  thermometry  become  clearly  understood. 
Its  principles  are  now  well  known,  but  it  still  needs  to  be  further 
applied  in  our  scientific  enquiries  and  in  many  of  our  industries 
which  are  largely  dependent  upon  it.  Recent  developments 
in  producing  immense  ranges  of  temperature,  from  the  cold  of 
solid  hydrogen,  where  the  last  motions  have  been  nearly  ex- 
tracted from  it,  to  the  all-matter  fusing  heat  of  the  electric 
furnace,  have  called  for  many  new  developments  in  the  science 
and  art  of  thermometry.  It  is  now  recognized  that  many 
industries,  as  the  making  of  iron,  porcelain,  and  glass,  and  many 
chemicals,  can  be  greatly  improved  by  using  methods  for 
accurately  measuring  temperatures.  A  knowledge  and  control 
of  the  temperature  of  storage  places,  as  of  grain,  tobacco,  ice, 
food-products,  and  the  like,  is  often  required.  This  puts  a 
demand  upon  thermometry  of  measuring  the  temperature  in 
one  or  many  places,  but  observing  or  recording  it  in  a  place 
which  is  distant  from  where  it  is  taken. 

These  and  many  other  requirements  have  demanded  and 
obtained,  quite  recently,  an  increase  in  methods,  a  refinement 
in  precision,  and  an  extension  in  range  of  temperature  measure- 
ment. 

The  whole  science  of  thermometry,  especially  if  extended 
into  high  temperature  pyrometry,  is  far  too  extensive  to  re- 
ceive even  a  superficial  treatment  in  a  paper  of  this  kind. 
Experiments  and  experience,  however,  have  shown  that  the 
changes  produced  in  electrical  resistance  by  temperature  and 
the  thermoelectrical  forces  which  it  develops  give,  in  the  ranges 
over  which  the  methods  apply,  the  most  delicate  and  simple 
means  of  temperature  estimation. 

The  treatment  of  temperature  measurement  falls,  there- 
fore, into  the  province  of  the  electrical  engineer,  and  it  is  only 
the  electrical  methods  of  measuring  temperature  that  will  be 
considered  here. 

Electrical  Resist.\xce  Thermometry. 

Electrical  resistance  thermometry  is  possible  because  very 
many  electrical  conductors  change  in  resistance  with  change 
of  temperature  in  a  perfectly  definite  manner. 

The  percentage  change  in  resistance  of  the  pure  metals  with 
temperature  is  a  larger  change  than  the  percentage  change  in 
volume  of  gases,  and  over  twenty  two  times  as  great  as  the 
volume  change  in  mercury.     Thus,  the  coefficient  of  expansion 
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of  nitrogen  gas  is  0.0036738,  and  of  mercury,  0.000180.  while 
the  coefficient  of  increase  of  resistance  of  pure  nickle  is  about 
0.0041  per  degree  cent,  between  0°  and  100^  cent. 

A  change  in  electrical  resistance  can  be  measured  with  greater 
ease  and  far  greater  precision  than  a  change  in  volume  of  a 
liquid  or  a  gas.  A  change  in  either  a  high  or  a  low  electrical 
resistance  can  very  easily  be  measured  when  it  is  one  part 
in  a  million.  Thus,  the  sensitiveness  of  the  electrical  resistance 
method  of  measuring  temperature  is  very  great.  In  the  use 
of  the  bolometer,  where  the  electrical  resistance  method  of  meas- 
uring temperature  is  carried  to  its  greatest  delicacy,  temperature 
changes  as  small  as  one  ten  millionth  of  a  degree  cent,  are  said 
to  be  easily  detected. 

For  the  electrical  resistance  method  of  measuring  tempera- 
ture to  be  of  general  value,  the  resistance  which  is  measured 
must  always  return  to  the  same  value  when  brought  back  to 
the  same  temperature.  Fortunately,  experience  has  shown 
that  when  the  proper  resistance  materials  are  chosen,  and 
proper  precautions  in  their  treatment  have  been  used,  the  re- 
Hability  of  the  method  in  this  respect  is  very  satisfactory. 
A  properly  constructed  resistance  thermometer  if  not  exposed 
to  too  high  a  temperature  will  maintain  its  calibration  better 
and  longer  than  the  best  mercury  thermometer,  which  is 
usually   subject   to   small   alterations  and  irregularities. 

Curves  which  express  the  change  of  resistance  with  change 
of  temperature  of  most  pure  metals  all  point  at  a  low  tem- 
perature to  the  zero  of  the  absolute  temperature  scale.  For 
a  time  this  seemed  to  indicate  that  the  resistance  of  the  pure 
metals  would  vanish  at  the  absolute  zero  of  temperature.  Later 
experiments  made  by  Dewar  at  the  temperature  of  liquid 
hydrogen,  —252.7°  cent.,  showed  that  the  above  conclusion 
was  not  justified,  as  at  this  low  temperature  the  several  re- 
sistances measured  all  tended  to  become  constant. 

As  the  pure  metals  are  greatly  elevated  in  temperature,  the 
rate  of  increase  in  resistance  with  temperature  also  becomes 
less  and  less.  Thus,  over  extensive  temperature  ranges,  there 
are  no  metals  of  which  the  resistance  is  even  approximately  a 
linear  function  of  temperature.  Small  impurities  in  the  pure 
metals  effect  also  the  amount  as  well  as  the  law  of  their  change. 

These  facts  make  it  unlikely  that  an  electrical  resistance 
temperature  scale  will  be  found  bearing  such  definite  relations 
to  the  absolute  temperature  scale  as  conveniently  to  serve  for 
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a  standard  scale  of  reference  in  the  same  manner  as  does  the 
scale  of  the  gas  thermometer.  When,  however,  the  means  are 
available,  it  is  relatively  easy  to  determine  experimentally  the 
relation  between  the  electrical  resistance  of  any  particular 
specimen  of  wire  and  the  temperature  throughout  the  working 
range  of  the  gas  thermometer,  if  this  does  not  exceed  900®  or 
1  000*^  cent.  An  electrical  resistance  thermometer  can  then  be 
made  of  this  specimen  of  wire,  and  it  will  serve  as  a  stand- 
ard with  which  other  resistance  thermometers  may  be  very 
simply  and  easily  compared. 

The  law  of  variation  of  electrical  resistance  with  temperature 
in  the  case  of  platinum  has  been  investigated  by  Callendar 
and  Griffiths,  and  several  others.*  In  this  work  it  is  shown  that 
in  the  case  of  platinum  the  following  relation  exists  between 
the  temperature  /,  as  measured  on  the  air  thermometer  and 
the  resistance  of  the  platinum. 

Let  pt  be  a  temperature  as  defined  by  the  relation 

^  =  #^  100. 

where  R  is  the  resistance  of  a  given  specimen  of  platinum  at 
0**,  i?ioo  ^t  100°,  and  Rt  at  t°,  all  measured  on  the  centigrade 
scale.     It  is  then  shown  that  placing 


-^'  =  ^[-W+(t()o)1 


expresses  the  difference  between  the  platinum  temperature  as 
above  and  the  temperature  as  measured  on  the  air  thermometer. 
This  '*  difference  formula,"  as  it  is  called,  holds  to  within  0.1° 
cent,  up  to  500°  cent.,  and  within  0.5°  cent,  up  to  1  000°  cent. 
In  this  formula  5  is  a  coefficient  which  varies  with  the  particular 
specimen  of  platinum  used.  For  very  pure  platinum  it  is  about 
1.5,  and  larger  for  impure  specimens.  To  determine  d  the 
resistance  of  the  thermometer  is  measured  at  the  three  known 
temperatures,  0°  cent.,  100°  cent.,  and  444.5°  cent.,  the  boiling 
point  of  sulphur.  The  authors  referred  to  give  convenient 
methods  of  using  the  difference  formula  to  convert  the  tem- 

1.  A  full  treatment  of  this  subject  is  to  I )e  found  in  Cliapter  V  of  the 
excellent  work  entitled  "  Hijj[h  Tenij>eraturc  Measurements,"  by  H.  Le 
Chatelier  and  O.  Boudouard,  and  translated  by  G.  K.  Burgess. 
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peratures  as  given  by  the  platintun  resistance  temperature 
scale  to  degrees  centigrade  as  given  on  the  scale  of  the  air 
thermometer. 

To  engineers  and  those  who  have  to  make  actual  use  of  re- 
sistance thermometers  the  theoretical  side  of  the  subject  is  of 
small  interest.  There  is  a  practical  procedure  which  may  be 
adopted  that  makes  it  unnecessary  for  manufacturers  or  users 
to  give  consideration  to  these  methods  of  standardization  of 
resistance  thermometers.  The  instrument  maker  may  care- 
fully construct  a  resistance  thermometer  to  serv^e  as  a  standard 
and  send  this  from  time  to  time  to  the  National  Bureau  of 
Standards  at  Washington.  The  bureau  will  measure  the  re- 
sistance of  this  thermometer  at  several  known  temperatures, 
over  a  wide  range,  which  are  given  by  their  standard  resistance 
thermometers,  and  furnish  a  certificate  giving  the  relations 
that  are  found  between  temperatures  and  resistances  of  the 
thermometer  submitted  for  calibration.  The  instrtunent  maker 
may  then  use  this  thermometer  as  a  standard  with  which  other 
thermometers  are  easily  calibrated.  This  is  done  by  direct 
comparison  in  an  oil  bath  for  medium  temperatures,  and  in  a 
specially  constructed  electric  furnace  for  high  temperatures. 
Cold  brine,  or  other  means,  may  be  used  for  making  the  com- 
parison at  low  temperatures. 

The  feature  of  paramount  importance  in  the  use  of  electrical 
resistance  thermometers  is  the  constancy  with  which  they 
maintain  their  calibration.  This  subject  has  received  consider- 
able attention,  especially  in  the  case  of  thermometers  made 
of  platinum  wire,  and  the  results  observed  have  proved  the 
entire  reliability  of  this  material  for  temperatures  not  exceeding 
800°  cent,  or  1  000°  cent.  It  is  highly  probable  that  other 
materials  will  behave  in  an  entirely  regular  manner  if  not 
subjected  to  too  high  temperatures. 

Careful  investigations  of  the  constancy  of  other  materials 
than  platinum,  that  are  suitable  for . resistance  thermometers, 
are  greatly  needed.  But  the  investigations  so  far  made  show 
that  where  permanent  alterations  in  resistance  occur  they  may 
usually  be  traced  to  causes  which  proper  precautions  may  avoid. 
Thus,  the  material  selected  for  the  thermometer  may  by  nature 
be  of  an  unstable  character.  Iron,  for  example,  is  an  un- 
suitable metal  to  use.  The  material  may  contain  impurities 
which  by  vaporization,  crystalization,  or  otherwise,  cause  the 
resistance   to   alter   gradually.     The   wire   of  which   the    ther- 
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mometer  is  made  may  have  been  subjected  to  mechanical 
strains  which  gradually  work  out  with  repeated  heatings,  thus 
altering  the  resistance.  If  the  material  is  one  which  does  not 
oxidize,  it  may  still  be  greatly  affected  at  high  temperatures 
by  absorbing  gaseous  impurities.  Thus,  a  nickel-  or  a  platiniun- 
wire  thermometer  heated  to  400®  cent,  in  a  brass  tube  is  ruined 
by  absorbing  the  metallic  vapors  given  off.  For  the  same 
reason,  all  metal  solderings  near  the  resistance  wire  are  liable 
at  high  temperatures  to  give  off  vapors  which  affect  the  per- 
manent resistance,  besides  endangering  the  formation  of  local 
resistance  at  the  joints. 

Proper  construction  and  choice  of  materials  can  remove  all 
the  above  causes  of  permanent  alterations.  It  may  be  that  in 
the  case  of  platinum,  to  some  extent  at  least,  and  more  so  in 
other  materials,  slow  permanent  alterations  in  resistance  occur, 
the  cause  of  which  is  not  known.  Only  extended  investigations 
can  give  the  limits  of  these  possible  alterations.  Enough  work 
has  been  done,  however,  to  show  that  for  even  very  refined 
work  the  reliability  of  platinum  and  some  other  materials  is 
sufficient,  if  too  high  temperatures  are  not  used. 

In  resistance  thermometry,  practical  details  of  construction 
are  all  important.     The  chief  of  these  will  now  be  considered. 

Construction  of  Resistance  Thermometers. 

The  best  material  of  which  to  construct  a  resistance  ther- 
mometer depends  upon  the  temperature  range  to  be  meas- 
ured, as  well  as  upon  the  physical  qualities  of  the  available 
materials. 

Constancy  of  composition  and  other  practical  considerations 
seem  to  limit  the  choice  to  a  few  of  the  pure  metals,  usually 
in  the  form  of  wire.  The  metal  which  has  received  the  most 
study  is  platinum.  It  can  be  used  over  a  very  wide  tem- 
perature range,  and  can  be  obtained  under  the  name  of  Heraeus 
platinum  in  a  state  of  great  purity.  This  material  answers 
every  requirement  of  resistance  thermometry,  except  that  it 
is  very  costly.  A  substitute  for  platinum  should,  therefore,  be 
sought  and  used  wherever  it  will  serve  as  well.  This  substitute 
should  be  inexpensive,  and  obtainable  in  a  pure  state.  It  is 
desirable  that  it  should  have  a  high  specific  resistance,  com- 
bined with  a  large  temperature  coefficient.  It  should  be  un- 
oxidizable  under  usable  conditions,  and  withstand  a  high 
temperature  without  deterioration  or  permanent  alteration  in 
resistance. 
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An  examination  of  the  pure  metals  shows  that  these  con- 
ditions are  best  met  by  nickel.  The  writer  has  had  many 
thermometers  constructed  of  this  wire  for  temperatures  ranging 
from  —  40°  cent,  to  300°  or  400°  cent.,  and  has  found  it  entirely 
reliable  for  this  range.  Conclusive  experiments  made  to  de- 
termine the  availability  of  nickel  for  high  temperatures  would  be 
very  useful.  It  has  a  higher  coefficient  than  the  purest  platinum, 
nickel  being  about  0.0041  per  degree  between  0°  cent,  and  100° 
cent.,  and  pure  platinum,  0.0039,  and  commercial  platinum  but 
about  0.002.  The  specific  resistance  of  pure  nickel  and  pure 
platinum  is  in  the  ratio  of  about  933  to  1  000. 

It  may  here  be  remarked  that  a  determination  of  the  tem- 
perature coefficient  of  the  metallic  elements  offers  usually  a 
very  delicate  test  of  their  purity,  and  specimens  of  nickel  and 
platinum  which  show  a  low  temperature  coefficient  can  posi- 
tively be  considered  as  impure  and  inferior  for  use  in  resistance 
thermometers. 

Another  test  of  interest,  especially  on  wires  intended  for  use 
in  thermo-couples,  is  to  attach  the  two  ends  of  a  short  length 
to  the  terminals  of  a  very  sensitive  galvanometer,  and  to  pass 
a  flame  along  the  wire.  If  the  galvanometer  gives  positive 
and  negative  deflections  of  considerable  magnitude,  the  wire 
may  be  known  to  be  unhomogcneous,  and  liable  to  have  para- 
sitic currents  set  up  in  it  when  exposed  to  high  temperatures. 
A  pure  nickel  and  a  pure  platinum  wire  should  show  little  of 
this  effect. 

The  particular  purpose  for  which  a  resistance  thermometer 
is  to  be  used  largely  determines  its  special  features  of  construc- 
tion. Broadly  classified,  resistance  thermometers  are  particu- 
larly useful  in  the  following  cases: 

1.  Measurement  of  all  temperatures  below  —40°  cent.,  the 
freezing  point  of  mercury. 

2.  Measurement  of  all  temperatures  up  to  1  000°  cent.,  when 
the  temperature  is  to  be  taken  at  a  place  where  it  can  not  be 
directly  observed. 

3.  Measurement  of  temperatures  below  1  000°  cent.,  and 
above  the  range  of  the  mercury  thermometer. 

4.  Measurement  of  all  temperatures  below  1  OOO'^cent.,  which 
have  to  be  photographically  or  otherwise  recorded. 

5.  Where  small  temperature  differences  or  variations  are  to 
be  determined  for  whicli  the  mercury  thermometer  is  not 
sufficiently  sensitive. 
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It  is  evident  from  such  a  classification  as  the  above  that 
there  can  be  no  general  form  or  type  of  construction  of  a  re- 
sistance thermometer.  Each  special  requirement  must  be 
met  by  the  instrument  maker,  who  must  be  guided  in  his 
designs  by  experience  and  a  study  of  the  conditions.  The 
form  of  thermometer  having  been  chosen,  the  particular  method 
of  reading  the  resistance  variations  and  of  expressing  them  in 
degrees  should  have  particular  care,  for  in  nearly  every  case 
which  arises  different  requirements  have  to  be  met. 

Resistance  thermometers  for  use  below  140*^  cent,  are  of  rela- 
tively simple  construction,  for  in  this  case  silk-insulated  nickel 
wire  may  be  used.  Certain  precautions,  nevertheless,  need 
attention.  The  mass  of  the  wire  used  and  that  of  the  body  on 
which  it  is  wound  should  be  small,  or  the  temperature  of  the 
resistance  wire  will  lag  behind  any  changing  temperatures  which 
are  being  measured,  and  lead  to  erroneous  indications.  The 
wire  must  be  so  chosen  in  respect  to  size  and  resistance  that 
the  heating  of  the  wire  by  the  needed  measuring  current  shall 
be  entirely  negligible. 

The  constancy  of  any  woimd  resistance  depends  largely  upon 
the  treatment  to  which  it  is  subjected  after  being  wound. 
The  winding  of  the  wire  introduces  strains,  which  gradually 
work  out,  causing  variations  in  the  permanent  resistance. 
This  certain  result  is  avoided  by  an  artificial  aging,  which 
consists  in  maintaining  the  wire,  before  the  thermometer  is 
calibrated,  at  a  temperature  higher  than  that  at  which  it  will 
be  used,  for  several  hours  or  days. 

It  is  needful  to  end  off  the  terminals  of  the  wire,  especially 
if  short,  in  such  a  manner  that  no  local  variations  in  resistance 
can  occur  at  the  joints.  As  a  rule  the  terminals  should  be 
hard-silver  soldered  for  low-temperature  thermometers,  and  for 
high-temperature  thennometcrs  all  joints  exposed  to  the  high 
temperature  ir.ust  be  welded  joints. 

Generally,  the  resistance  wire  needs  to  be  protected  by  a 
casing.  When,  however,  as  in  the  measurement  of  moderate 
temperatures  of  gases  or  insulating  fluids,  the  wire  can  be 
directly  in  contact  with  whatever  is  to  have  its  temperature 
determined;  the  resistance  thennomctcr  assumes  the  surround- 
ing temperature  very  quickly,  far  surpassing  the  mercury  ther- 
mometer in  this  respect.  If  a  casing  must  be  used,  it  should 
be  so  shaped  that  the  ratio  of  its  surface  to  its  volume  is  large, 
and  the  construction  should  aim  to  reduce  to  a  minimum  the 
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heat  which  conducts  along  the  case  or  which  is  distributed  by 
air  convection  within  it.  Reproductions  are  here  given  of  three 
types  of  resistance  thermometers  designed  for  the  measurement 
of  low  or  moderate  temperatures. 

The  thermometer  shown  in  Fig.    1   was  constructed  for  use 
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Fig.  1. 


in  measuring  and  recording  wuth  great  precision  the  tem- 
perature dilTerciiccs  hetwccn  two  brine  mains.  Tlie  average 
temperature  of  the  brine  was  about  —  ^^7*^  cent.,  and  tlie  aver- 
age difference  of  teminTature  between  tlie  tw-o  mains  was  about 
1.5°  cent.     The  allowable  error  was  0.01°  cent.,  and  hence  great 
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care  in  the  construction  of  the  thermometers,  as  well  a 
rest  of  the  apparatus,  was  required.  This  thermomc 
wotind  with  Xo.  35  platinimi  wire,  of  great  purity.  It 
ance  at  room  temperature  was  about  SO  ohms.  It 
able  that  nickel  wire  would  have  ser\ed  as  well,  but 
of  the  better  known  properties  of  platinum  and  the  '\m\ 
of  the  experiment  platinum  was  selected. 

It  should  be  noted  that  the  steel  case  is  long,  and  : 
diameter,  that  the  winding  ends  well  below  the  nu 
screws  into  the  brine  main,  and  that  the  wire  is  woui 
light  frame  of  micanite,  having  a  minimum  of  mass, 
sudden  change  in  the  temperature  of  the  brine  was  \ 
by  the  thermometer  to  within  about  0.005^  cent,  wit 
minutes. 

Fig.  2  is  a  sectional  view  of  a  form  of  resistance  then- 
made  for  the  pur]>ose  of  measuring  the  temperature  of 
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at  different  depths  where  the  thermometers  arc  penn 
buried.  The  winding  is  in  the  fonn  of  ;i  skein,  and 
silk-insulated  nickel  wire  is  used.  To  insure  pemianei 
wire  should  be  kejjt  immersed  after  winding  in  hot 
for  three  or  four  days.  The  changes  in  the  teniperatur 
soil  are  very  slow,  and  hence  there  is  no  need  l<j  provide 
a  temperature  lag  of  the  thermometer  winding. 

The  resistance  is  made  large,  about  SSKS  ohms  at  l?C 
and  the  winding  is  eneased  in  a  brass  tube  tilled  with  ] 
The  lead-covered  leads  are  soldered  with  a  wiped  join1 
brass  tube,  thus  preventing  the  entrance  of  m(;isture 
has  to  be  carefully  avcnded.  The  resistance  «)t  the 
meter  being  high,  tlie  changes  in  the  resistance  of  tlie 
entirely  negligible. 

A  similar  construction  would  be  suitable  for  nieasui 
temperature  of  the  interior  of  stored  material,  such  a 
tobacco,  hay,  wheat,  etc.,  also  for  measuring  the  temj 
of   cold-storage    rooms.       Any    number   of   such    thenn 
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can  be  located  at  different  places,  and  be  connected  by  a  switch, 
one  at  a  time,  to  a  single  reading  device  which  reads  directly 
in  degrees  fahrenheit  or  centigrade.  The  methods  of  reading 
these  and  other  resistance  thermometers  will  be  presently  de- 
scribed. 

A  and  B,  Fig.  3,  are  reproductions  of  two  forms  of  platintun 
resistance  thermometers  designed  to  measure  the  temperatiire 
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of  superheated  steam  under  considerable  pressure.  In  form  A, 
the  winding  is  directly  exposed  to  the  heated  steam,  while  in 
form  B,  the  winding  is  protected  in  a  thin  steel  bulb.  The  stem 
of  this  latter  form  is  made  of  small  diameter  to  reduce  to  a 
minimum  loss  of  heat  by  conduction.  These  thermometers 
were  designed  to  read  temperatures  to  ubout  300°  cent. 

Resistance  thennometers  give   the  most  accurate  and  con- 


484  NORTHRUP:  ELECTRICAL  [May  30 

venient  means  of  measuring  high  temperatures  up  to  1000**  cent, 
or  possibly  more.  It  is  stated  by  Le  Chatelier*  that  experiments 
carried  out  at  the  National  Physical  Laboratory,  England, 
showed  that  throughout  the  temperature  range  of  1  000°  cent, 
the  agreement  between  the  scales  of  the  platinum-resistance  and 
the  thermo-electric  pyrometers  tested  was  within  0.5°  cent. 
Le  Chatelier  adds,  page  106: 

These  results  confirm   the  view  of  the  sufficiency  of  the  difference 
formula 


\-—^iMm 


for  the  most  accurate  work  up  to  the  upper  limit  of  the  safe  use  of  the 
platinum-resistance  thermometer. 

The  upper  limit  referred  to  is  about  1  000°  cent. 

Such  statements  as  the  above,  however,  are  true  only  when 


Fig.  \A. 

Fig.  42?. 

the  resistance  thermometers  have  been  constructed  in  a  par- 
ticular manner  to  avoid  alterations  and  deteriorations  in  the 
wire  that  are  sure  to  result  at  high  temperatures  with  im- 
proper construction.  Platinum  heated  red  hot  and  exposed  to 
certain  gases,  as  hydrogen  or  metallic  fumes,  absorbs  impurities 
which  permanently  alter  its  resistance,  and  often  render  it 
extremely  brittle.  The  writer  unwittingly  ruined  both  a  plat- 
inum and  a  nickel  thermometer  by  exposing  the  wire  encased 
in  a  brass  tube  to  a  red  heat.  The  fumes  of  zinc  given  off 
were  absorbed  by  the  resistance  wires,  rendering  them  so  brittle 
that  they  fell  to  i^eces  when  lightly  touched. 

Accumulated  experience  has  shown  that  for  temperatures 
over  a  red  heat  the  design  of  the  thennometcr  should  embody 
the  general  features  sliown  in  the  illustration,  V'v^.  4,  .4  and  B. 

1.   "  High  Temperature  Mc-asureiiuMits,"  yw^'c  10.'),   11)0  4  edition. 
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In  the  thermometer  here  illustrated,  the  winding  is  a  pure 
Haraeus  wire,  its  purity  being  shown  by  its  temperature  co- 
efficient, which  is  about  0.0039*^  at  lOO*'  cent.  This  wire,  No. 
35  B.  &  S.,  i^  woimd  bare,  by  a  special  machine  process  devised 
by  the  writer,  on  a  frame  of  thin  mica,  in  such  a  manner  as  to 
touch  only  the  edges  of  the  mica.  The  winding  is  36  turns 
to  the  inch.  The  mica  frame  is  made  by  matching  together 
at  right  angles  two  pieces  of  mica  sheet,  of  the  shape  shown  in 
Fig.  5. 

As  the  winding  touches  at  the  edges  of  the  mica  only,  but  a 
small  percentage  of  its  length  can  become  contaminated  by  any 
possible  action  of  a  solid  material.  The  lead  wires,  by  a  method 
of  compensation  to  be  later  described,  do  not  enter  into  the 
resistance  which  is  measured,  and  may  be  of  a  cheaper  grade 
of  platinum  than  the  resistance  winding.  These  lead  wires  are 
either  three  or  four  in  number,  according  to  the  method  of 
compensation  adopted.     They   are  insulated  from  each  other 
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Fig.  5. 

by  being  passed  through  tubes  of  porcelain  and  mica  washers. 
The  mica  washers  serve  the  additional  purpose  of  preventing  the 
free  circulation  of  air  from  the  hot  end  to  the  cooler  top  of  the 
thermometer  tube. 

For  temperatures  above  the  fusion  point  of  hard  glass, 
porcelain  tubes  especially  constructed  for  this  work  by  the 
Berlin  Porcelain  Works  are  the  most  satisfactory  material  for 
a  casing. 

The  interior  parts  of  the  thermometer  shown  in  Fig.  4,  B, 
are  designed  to  be  easily  withdrawn  from  the  tube  for  examina- 
tion, and  again  replaced.  In  the  particular  case  shown,  the 
winding  was  made  5.25  in.  long,  so  as  to  give  the  thermo- 
meter a  high  resistance.  This  is  generally  an  advantage, 
where  the  conditions  permit,  as  the  contact  resistances  in  the 
measuring  device  are  then  small  in  comparison,  and  greater 
sensibility  of  the  galvanometer  used  is  more  easily  obtained. 
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It  was  legitimate  to  make  the  winding  long  for  the  case 
shown,  as  this  thennometer  was  designed  to  m'^asure  the  tem- 
perature of  hot  gases  which  surround  the  porcelain  tube  more 
than  half  way  to  its  head.  If,  however,  the  temperature  of 
the  place  to  be  measured  is  uniform  over  a  small  space  only, 
then  the  winding  should  be  as  short  and  as  much  concentrated 
at  the  end  of  the  tube  as  possible,  and  thus  permit  of  placing 
the  entire  winding  in  the  hot  place,  the  temperature  of  which 
is  to  be  measured. 

Thermo-couples,  to  be  later  spoken  of,  have  in  this  respect 
an  advantage  over  a  resistance  thermometer  as  above  designed ; 
for  the  end  of  the  thermo-couple  is  a  very  small  body,  that  may 
be  placed  at  the  exact  point  of  a  space  where  the  temperature 
is  to  be  observed.  This  consideration  has  led  the  writer  to 
design  another  form  of  resistance  thennometer  which  will  be 
shown  to  combine  the  advantages  of  both.  A  description  of 
this  is  best  given,  however,  under  methods  of  reading  resist- 
ance thermometers,  which  we  shall  now  consider. 

Methods  of  Reading  Resistanxe  Thermometers. 

As  the  National  Bureau  of  Standards  at  Washington  will 
furnish  the  instrument  maker  witli  a  ctrtincate  ^^ivin;^  the  con- 
nection between  the  electrical  resistance  and  the  temperature 
of  a  selected  standard  resistance  thermometer,  the  calibration 
of  other  thermometers  is  reduced  to  cuniparing  their  resistances 
with  those  of  the  standard  when  all  are  brought  to  equal  tem- 
peratures. In  the  case  of  lii^'h  temperatures,  a  specially  con- 
structed electric  furnace  is  used  for  the  purpose.  The  problem, 
then,  of  reading  temperatures  with  thermometers  thus  cali- 
brated resolves  itself  into  measuring  their  resistance  in  a  simple 
manner  when  subjected  to  difTerent  temperatures. 

The  resistance  being  known,  the  temperature  may  be  taken 
from  a  previously  plotted  curve,  or  the  resistance-measuring 
device  may  be  constructed  to  read  directly  in  degrees  centigrade 
or  fahrenheit.  The  convenience,  simplicity,  precision,  and 
reliability  with  which  these  measurements  can  be  made  largely 
determines  the  practical  and  commercial  usefulness  of  resist- 
ance thermometers.  The  continuous  recording  of  temperatures 
given  by  resistance  thermometers,  as  well  as  thermo-couples, 
is  another,  hut  closely  related  problem,  that  will  receive  some 
of  our  attentive 


1906.] 


MEASUREMEXT  OF  TEMPERATURE. 


The  available  and  useful  methods  of  determining  resistances 
to  measure  temperatures  may  be  classified  as  follows: 

a.  Slide-wire  bridge  methods. 

b.  Use  of  dial  or  decade  wheatstone  bridges. 

c.  Kelvin  double  bridge  methods. 

e.  Direct    deflection    method,    the  electromotive  force  being 
maintained  constant. 

f.  Direct  deflection  method,  being  independent  of  voltage  by 
using  the  writer*s  new  instrument,  called  a  ratiometer. 

a.  Slide-Wire  Bridge  Methods. 
This  is  a  very  convenient  zero  method  to  employ,  especially 


Fig.  n. 


when  the  reading  instrument  has  a  scale  calibrated  to  read 
directly  in  degrees.  The  slide-wire  bridge  may  have  its  con- 
nections arranged  in  either  of  two  useful  ways.  The  first  is 
less  precise,  but  more  convenient.  The  connections  are  given 
diagrammatically  in  Fig.  G. 

7',,  T'o,  Tg.  etc.,  represent  any  number  of  resistance  ther- 
mometers, y,  y,  are  the  thermometer  leads  which  should  be 
alike,  but  may  be  of  any  length.  Contact  can  be  made  with 
any  thermometer  by  means  of  a  simple  sliding  switch.  The 
resistances,  r,  r^  r^y  should  be  about  equal  to  each  other  and 
to  the   resistance  of   the  thermometer  at  a  mean  temperature. 
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The  resistance  of  the  slide  wire,  /.  should  be  such  as  will  take 
care  of  the  variation  in  resistance  only,   of  the  thermometers. 

In  the  actual  construction,  the  contact,  p,  would  move  over 
a  circularly  disposed  wire  and  scale.  This  scale  may  be  di^^ded 
into  arbitrar>'  divisions,  and  reference  be  made  to  a  cur\'e, 
to  obtain  the  temperatures  of  any  thermometer  corresponding 
to  a  given  setting  for  a  balance.  In  this  case,  the  different 
thermometers  only  need  to  be  made  of  approximately  the  same 
resistance.  The  scale  may,  however,  without  great  difficiilty, 
be  graduated  to  read  directly  in  degrees  when  used  with  a  ther- 
mometer of  a  particular  resistance  and  temperature  coefficient. 

If,  however,  manv  thermometers  are  to  be  read  on  the  same 
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scale,  they  must  Ik*  adjusted  to  exaet  r(|uality  both  in  respect 
to  resistance  and  temperature  coetticieiit.  This  last  adjustment 
can  be  made  by  usin^  a  certain  resistance  of  manganin  in 
series  or  shunt  with  those  thermometers  which  have  too  high  a 
coefficient. 

The  arrangement  of  connections  shown  does  not  entirely 
compensate  for  changes  in  the  resistance  of  tlie  leads.  The 
error,  however,  would  not  exceed  from  this  cause  0.1°  cent, 
in  an  extreme  case.  The  obvious  advantage  of  making  the 
connections  in  this  way  is  that  while  nearly  complete  compensa- 
tion is  obtained,  each  thermometer  has  only  two  lead  wires  and 
one  common  terminal  connecting  all  the  thermometers  to  the 
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galvanometer.     The  manner  of  making  the  bridge  connections 
according  to  the  second  method  is  shown  in  Fig.  7. 

By  connecting  the  bridge  in  this  manner  and  choosing  the 
ratio  arms  equal,  the  leads  y,  y,  entirely  eliminate.  Thus, 
the  value  of  the  resistance  x^,  r,,  etc.,  is 

X  =  /?-(/- 2  a). 

This  method,  while  perfectly  compensating,  requires  that 
two  pairs  of  leads  shall  be  carried  to  each  thermometer.  This 
is  a  decided  disadvantage  where  many  thermometers  are  to  be 
read  at  a  distance  on  one  bridge.  The  method  recommends 
itself  only  where  the  highest  possible  precision  is  required.     In 


Fig.  8. 

this  method  also  the  scale  may  be  calibrated  in  degrees,  if 
desired. 

The  balance  point  (m  the  wire  in  either  of  the  above  methods 
may  be  found  with  a  telephone,  but  preferably  with  a  galvano- 
meter. 

A  pointer  galvanometer  of  portable  type,  such  as  is  used  in 
portable  test-sets,   is  amply  sensitive  for  the  purpose. 

The  illustration,  Fig.  8,  shows  a  completed  instrument  de- 
signed on  the  latter  of  the  above  principles  for  use  in  measuring 
the  temperature  of  the  soil.  The  compensating  leads  shown 
on  the  left  of  the  diagram,  Fig.  7,  are  omitted  as  not  being 
needed  for  the  degree  of  precision  required. 
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A  temperature  measurement  is  made  by  slightly  depressing 
the  handle,  which  closes  the  batten.-  circuit,  and  then  rotating 
it  until  the  galvanometer  shows  a  balance.  The  position  of 
the  pointer  then  gives  on  the  scale  beneath  it  the  temperature 
in  degrees  fahr.  The  same  kind  of  instrument  is  equally  well 
adapted  to  reading  high  temperatures. 

One  mechanical  feature  of  this  instrument  deserves  mention 
as  being  of  extreme  usefulness.  A  slide-wire  when  used  as  in 
Figs.  6  and  7,  if  applied  in  the  customary  way,  would  be  very 
small  and  delicate  in  order  to  have  the  necessary  resistance  in 
the  length  that  is  used.  This  objection  is  entirely  overcome, 
as  follows:   a  fine  silk-insulated  manganin  wire  is  wound  on  a 


drill-rod  of  about  2  mm.  in  diameter,  with  tlie  turns  close 
together.  The  drill-rod  is  slipped  out  of  the  winding,  and  this 
is  laid  and  shellaced  in  a  groove  on  the  circumference  of  a 
circular  disk  of  rubber  or  wood.  The  silk  insulation  is  then 
removed  from  the  exposed  surface  of  the  winding  by  a  buffing- 
wheel.  The  sliding  contact  can  thus  make  good  contact  with 
the  outer  surface  of  the  circular  helix.  This  will  have  about 
30  times  the  resistance  of  the  wire  of  which  it  is  wound  when 
of  the  same  Icnj^th  as  the  helix. 

This  arrangement  gives  extremely  fine  variations  in  resist- 
ance, as  the  slider  moves  over  it  and  makes  a  contrivance  that 
is  mechanically  substantial  and  nut  liable  to  get  loose  and 
wear  out. 
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Use  op  Dial  or  Decade  Wheatstone  Bridges. 

The  slide  wire  bridge  directly  calibrated  in  degrees  is  a 
very  useful  and  rapid-reading  device,  but  for  precision  work, 
combined  with  robustness  of  construction,  some  easily  read 
form  of  dial  or  plug  wheatstone  bridge  may  be  more  useful. 
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Fig.  10. 


When  the  connections  arc  made  as  shown  in  Fig.  9,  and  the 
resistances  r^  and  fj  are  equal,  the  leads  y  y,  eliminate.  This 
requires  that  the  total  resistance  in  the  rheostat  shall  equal 
the  resistance  of  the  thermometer,  which  for  this  reason,  as 
well  as  for  sensibility,  etc.,  should  be  high,  and  that  the  brush 
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or  plug  contacts  used  should  be  well  made,  and  of  negligible 
resistance.  Since  no  resistance  varies  with  temperature  in  a 
strictly  linear  way,  a  dial  or  plug  bridge  can  not  be  calibrated 
to  read  directly  in  degrees.  The  studs  or  plug  holes  should 
be  numbered  decimally,  and  from  the  setting  obtained  for  a 
balance,  the  temperature  is  gotten  by  seferring  to  a  cur\e. 
Thus,  each  thermometer  in  an  installation  has  its  own  cur\-e. 
and  new  thermometers  may  be  added  without  reference  to  the 
old.  This  method  is  very  convenient  for  an  installation  of  a 
large  number  of  thermometers,  because  of  the  small  number  of 
wires  that  have  to  be  installed. 

Fig.  10  shows  four  thermometers  of  a  large  installation  used 
for  measuring  the  temperature  of  gases  up  to  1  20(y  fahr.  in 
the  plant  of  a  large  chemical  company  manufacturing  sulphuric 
acid.  Here  it  was  desired  that  ignorant  workmen  should  take 
the  temperatures  without  gaining  information  as  to  what  they 


were.  The  dial  settings  for  obtaining  a  balance  were  reported 
to  the  office,  where  a  clerk  looked  up  the  corresponding  tem- 
peratures on  the  curves.  The  thermometers  used  in  these  in- 
stallations were  of  the  form  illustrated  in  Fig.  4. 

Kelvin  Double-Bridge  Method. 

The  resistance  thermometer  as  designed  for  high -temperature 
work  if  wound  to  a  suitable  resistance  is  necessarily  of  con- 
siderable size.  This  unfits  it,  as  compared  with  thermo-couples, 
for  taking  the  temperatures  of  small  places  or  points.  More- 
over, the  thermometers  besides  requiring  considerable  skill  to 
construct  are  costly  and  more  or  less  fragile.  These  disad- 
vantages arc  sought  to  be  overcome  by  the  method  now  to  be 
described. 

As  is  well  known,  the  bridge  connections,  due  to  Lord  Kelvin, 
shown  in  Fig.    11,  is  the   best   arrangement   yet   devised   for 
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measuring  a  very  low  resistance.    The  bridge  is  balanced  when 
a      a^   ^  X 

The  first  two  terms  being  made  equal  by  construction. 

n 

With  these  bridge  connections  0.01  ohm  can  be  measured 
to  the  same  precision  as  100  ohms  by  the  ordinary  bridge 
arrangements.  By  taking  advantage  of  this  bridge  as  a  reading 
device,  a  high-temperature  thermometer  can  be  constructed 
as  shown  in  Fig.  12. 

The  small  spiral  of  resistance  wire  to  be  measured  at  the 
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end  of  the  porcelain  tube  is  of  No.  20  Haraeus  platinum.  The 
current  and  potential  leads  are  of  a  cheaper  grade  of  platinum. 
In  fact,  it  is  a  positive  advantage  to  have  the  potential  leads 
of  an  impure  platinum,  because  of  its  low  coefficient,  which 
may  be  about  0.6  that  of  pure  platinum.  The  connections  as 
arranged  for  measuring  a  number  of  thermometers  would  be 
as  shown  in  Fig.  13. 

To  measure  a  temperature  with  this  arrangement,  the  ter- 
minals p,  p^,  are  mcved  by  a  switch  to  the  potential  terminals 
of  the  thermometers  to  be  measured,  while  the  thermometers 
to  the  right  of  the  one  being  measured  are  cut  out  of  circuit 
by  y  which  keeps  the  resistance  of  the  "yoke  *'  low,  as  required 
by  theory.  A  balance  on  the  galvanometer  is  obtained  by 
moving  the  plug  N  and  the  slider  S.  The  slide-wire  on  which 
S  moves  would  consist  of  a  substantial  manganin  wire  lying  over 
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a  scale,  marked  off  in  degrees  centigrade,  if  it  is  desired  to 
make  the  bridge  direct-reading.     The  only  uncertain  element 

in  the  method  is  the  possibility    of    the    ratio   -r-   and  -r^ 

Fig.  11,  becoming  variable  in  an  tmknown  way  through  a  change 
in  the  resistance  of  that  portion  of  the  potential  leads  which 
lie  in  the  thermometer  tube.  This  uncertainty,  however,  is 
practically  avoided  if  the  resistance  a  is  made  sufficiently  high. 
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Fig.  13. 


Calculation  shows  that  if  a  is  chosen  as  high  as  250  ohms,  the 
maximum  error  from  this  cause  with  a  thermometer  con- 
structed like  that  of  Fig.  12  will  not  exceed  0.1°  cent.  The  re- 
sistance, a,  may,  however,  be  as  high  as  1  000  or  even  5  000 
ohms,  thus  practically  reducing  the  error  to  zero. 

The  necessity  of  having  a  high  resistance  in  the  ratio  coils 
requires  that  the  galvanometer  used  shall  have  a  greater  sen- 
sibility than  can  easily  be  gotten  in  a  portable  pointer  instru- 
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ment.  There  are,  however,  available  several  very  convenient 
forms  of  semi -portable  suspended-coil  types  of  galvanometers, 
having  an  attached  telescope  and  scale  which  are  amply  sensi- 
tive for  the  purpose. 

Direct-Deflection  Method  of  Reading  Temperatures. 

Direct-deflection  methods  of  measuring  physical  quantities, 
as  well  as  temperatures,  depending  as  they  do  upon  the  calibra- 
tion of  a  scale,  seldom  have  the  precision  of  zero  methods. 
They  possess,  however,  the  advantage  of  better  showing,  the 
variations  as  they  occur  in  changing  quantities,  while  no  man- 
ipulative action  is  required  on  the  part  of  the  observer.  For 
these  reasons,  largely,  all  commercial  electrical  measuring 
instruments  arc  of  the  deflection  type,  though  inferior  in  pre- 
cision to  the  null  methods  used  for  calibration  and  other  pur- 
poses in  the  laboratory.  Recognizing  this  principle,  the  writer 
has  designed  the  instrument  to  be  described,  which  will  read 
temperatures   as   readily  as  a  voltmeter  reads  volts. 

The  Ratiometer. 

The  instrument  can  be  called  a  ratiometer  because  it  measures 
by  direct  deflection  the  ratio  of  an  unknown  to  a  known  quan- 
tity, irrespective  within  wide  limits  of  the  operative  current 
used.  Thus  the  ratio  measured  may  be  that  of  an  unknown 
to  a  known  resistance,  when  the  instrument  becomes  a  deflec- 
tion-ohmmeter,  or  a  capacity -reactance  to  a  resistance,  when 
it  can  be  used  as  a  speedometer,  or,  as  in  the  present  case, 
a  resistance  which  changes  with  temperature  to  a  fixed  resist- 
ance, when  it  serves  as  a  direct-reading  deflection-thermometer. 

Since  the  angle  of  deflection  of  a  deflection  instrument  is 
apparently  doubled  by  using  a  mirror  giving  twice  the  ef- 
fective sensibility  of  a  pointer  instrument  otherwise  the  same, 
a  system  using  a  mirror  has  been  adopted,  and  utilized  in 
such  a  manner  that  the  instrument  is  quite  as  portable  as  a 
voltmeter  or  ammeter. 

Fig.  14  is  an  illustration  of  the  instrument  with  its  case  on, 
and  Fig.  15,  of  the  same  shown  in  section.  Fig.  16  gives  the 
diagram  of  connections  of  the  instrument  as  used  for  tempera- 
ture measurements,  and  Fig.  17  illustrates  details  of  the  de- 
flecting system  and  the  shape  of  each  of  the  pole  pieces. 

Ci  and  Co,  Fig.  16,  are  two  flat  coils  mounted  on  the  movable 
system,  a,  6,  c,  Fig.  17,  having  a  damping  frame  of  aluminum. 
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•  The  two  coils  have  like  polarity  on  the  same  side.  The  sys- 
tem rotates  between  two  iron  crescent-shaped  pole  pieces  of 
opposite  polarity,  Fig.  17,  p.  The  axis  of  rotation  of  the  sys- 
tem approximately  coincides  with  the  center  of  the  outside 
circle  of  the  crescent.  Hence,  when  the  system  rotates,  one 
coil  moves  so  as  to  get  more  under  the  pole  faces,  and  the  other 
coil  more  from  under  the  pole  faces.  Now,  if  currents  flow 
through  both  coils,  and  in  such  a  direction  as  to  cause  hoih 
coils  to  try  to  move  from  under  the  pole  faces,  the  system  will 
seek  a  position  of  equilibrium  which   is  independent  of  the 


I'IG.    11. 

actual  value  of  the  currents  flowing  and  which  depends  only 
upon  the  ratio  of  the  portions  of  the  main  current,  which  di- 
vides to  flow  in  tlie  two  coils.  This  is  true,  provided  only  that 
the  system  is  under  no  spring  control.  The  leading-in  wires, 
three  in  number,  are.  in  fact,  made  of  sucli  delicate  strips  of 
silver  that  they  exercise  a  negli<T^ibly  small  control  as  compared 
with  the  control  of  the  magnetic  forces.  If,  now,  the  ratio  of 
the  currents  in  the  two  coils  is  altered,  the  system  seeks  a 
new  position  of  equilibrium  again,  independent  of  the  value 
of  the  battery  current. 

Referring  to  the  diagram  of  connections,  Fig.  IG,  R  being  a 
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fixed  resistance,  and  T  a  resistance  which  varies  with  the  tem- 
perature,  the  extent  of  the  deflection  determines  the    ratio 

T 

-^,  whatever  be  the  value  of  the  battery  current. 

Since,  also,  >/  is  a  lead  wire  on  the  R  side  equal  to  y  on  the 
T  side,  the  method  nearly  compensates  for  changing  resistance 
in  the  thermometer  leads.  The  reading  device  is  mostly  ex- 
plained by  Fig.  15. 

The  scale  is  of  translucent  celluloid,  mounted  on  the  lower 
part  of  the  front  of  the  case,  and  may  be  divided  to  read  in  ohms. 


RATiOHcreR 


Fig.  15. 


revolutions  per  minute,  or  degrees  centigrade.  In  the  telescope 
the  scale  is  seen  brilliantly  illuminated  by  ordinary  room 
lij^^ht. 

The  telescope  can  be  removed  when  the  instrument  is  to 
be  packed  in  its  carrying  case.  The  special  shape  of  the  alum- 
inum frame  of  the  system  is  adopted  so  as  to  give  good  damping, 
:md  this  makes  the  instrument  nearly  dead-beat.  The  instru- 
ment operates  for  temperature  measurements  on  three  or  fout 
series  connected  dry  cells,  or  it  may  be  used  with  a  commutated 
current  from  a  hand  magneto. 
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To  read  any  temperature,  it  is  only  necessar\'  to  place  the 
thermometer,  joined  by  a  lamp-cord  to  the  instrument,  in  the 
place  where  the  temperature  is  required,  and  look  into  the 
telescope.  The  scale  appears  to  move  under  the  cross-hair  o£ 
the  eye-piece  to  the  temperature  reading. 

The  ratiometer  may  be  made  sensitive  to  temperature  changes 
of  about  0.1°  cent.,  or  less,  and  can  be  relied  upon  to  be  as 
accurate  as  the  scale  is  originally  calibrated,  with  the  exception 
of  possible  fluctuations  of  1,  or  at  the  most  2  degrees.  These 
irregularities  are  due  to  imperfections  in  the  construction,  or 
imperfect  balancing  of  the  coil.  The  error  is  not  progressive, 
however,  and  fair  reliance  can  be  placed  upon  its  indications. 
It  is  especially  valuable  for  rapidly  taking  the  high  tempera- 
tures of  furnaces,  and  the  like.  A  suitable  thermometer  to 
use  with  this  instrument  would  be  one  like  that  illustrated 
in  Fig.  4. 


Fig.  1'». 


DkFLECTIOX    .MkTIIODS    UsI.VG   CoXST.\XT   ClRRKNTS. 

It  is  often  required  to  reii<l  and  record  temperature  dillcrences, 
possibly  very  small  diiYerences,  wbieh  must  l)e  detennined 
with  a  hij^h  j)ercenta'^'e  accuracy.  A  thermo-eoujile  is  cus- 
tomarily employed  for  this  purpose,  plaeinj^  one  junction  in 
the  place  of  higher,  and  one  in  the  place  of  lower  temperature. 
Resistance  thermometers  may,  however,  be  employed  to  ad- 
vantage, esj)ecially  if  the  temperature  dilYerence  is  small  and 
great  precision  is  required. 

The  writer  has  recently  been  connected  with  the  design, 
calibration,  and  use  of  a  tempcraturc-dilTerence  recording  ap- 
paratus which  embodied  the  highest  refinements  in  this  kind 
of  measurement,  commercially  applied.  A  brief  description  of 
this    apparatus    will    best    explain    the    methods    to    employ, 
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the  precautions  that  should  be  used  to  obtain  precision,  and 
the  results  which  can  be  obtained. 

The  requirement  was  to  obtain  a  continuous  photographic 
record  of  the  temperature  difference  between  two  brine  mains 
carrying  brine  for  refrigeration  purposes.  The  temperature  of 
the  brine  in  one  main  was  about  —  38®  cent.,  and  in  the  other, 
about  —  36.5°  cent.  It  was  sought  to  have  the  error  at  all 
times  not  greater  than  0.01°  cent.     By  taking  a  photographic 


O—       — o- 
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SysTCM     ^^   Ratiometeb. 


Fig.  17. 


trace  of  the  temperature  difference  at  each  instant,  and  by 
obtaining  with  a  planimeter  the  average  height  of  the  ordinates 
expressing  temperature-differences,  the  average  temperature- 
difference  for  any  period  of  time  could  be  found.  This  result 
was  fully  obtained. 

An  ordinate  oOQ  mm.  high  corresponded  to  5°  cent.  The 
deflecting  instrument  used  was  a  D'Arsonval  galvanometer  of 
special  construction,   having  a  reflecting  system.     The  record 
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was  traced  on  photographic  paper,  known  to  the  trade  as 
**  rotograph  "  paper.  This  paper  was  wound  on  a  brass  cylinder 
about  55-cm.  long  and  12.5  cm.  in  diameter.  By  means  of  a 
clock  movement  the  cylinder  made  one  revolution  in  12 
hours.  Two  cylinders  were  provided,  so  that  an  exposed  one 
could  be  immediately  replaced  by  an  unexposed    cylinder. 

The  galvanometer  was  placed  in  one  end  of  a  box  about 
1.2-m.  long.  By  suitable  optical  devices,  the  spot  of  light, 
about  1  mm.  in  diameter,  was  reflected  from  the  galvanometer 
mirror  upon  the  slowly  rotating  cylinder  covered  with  the 
sensitive  paper.  The  movements  of  the  spot  of  light  were 
parallel  to  the  axis  of  the  cylinder,  and  proportional  to  the 
temperature-difference.  The  source  of  light  was  an  incandescent 
lamp.  Another  optical  device  cast  another  spot  of  light  upon 
a  translucent  scale,  where  the  deflections  could  at  any  time  be 
observed. 

Two  platinum  resistance  thermometers,  exactly  alike,  were 
used,  one  being  placed  in  each  brine  main  at  a  distance  of 
several  himdred  feet  from  the  recorder,  being  connected  with 
it  by  lead-covered  compensated  leads.  One  of  these  ther- 
mometers is  described  in  connection  with  Fig.  1  above.  Each 
thermometer  with  its  leads  formed  an  arm  of  a  wheatstone 
bridge.  The  two  other  arms  were  made  of  equal  manganin 
resistances,  each  200  ohms.  When  the  thermometers  were  at 
the  same  temperature,  the  bridge  was  balanced,  and  the  gal- 
vanometer deflection  read  zero;  that  is,  the  spot  of  light  fell 
on  the  scale  at  the  same  point  as  it  would  with  the  circuit 
open.  A  fixed  mirror  made  a  trace,  near  the  center  of  the 
paper,  as  a  reference  line  from  which  the  extent  of  the  de- 
flections could  be  measured.  When  the  two  thermometers 
were  at  a  different  temperature,  the  deflections  were  very 
nearly  proportional  to  this  difference,  irrespectively  of  the 
mean  value  of  the  two  temperatures,  and  to  the  current  entering 
the  bridge.  Hence,  to  maintain  the  empirical  calibration  of 
the  scale,  it  was  necessary  to  provide  that  the  current  through 
the  bridge  should  remain  constant  to  within  the  percentage 
precision  at  which  the  apparatus  was  designed  to  operate. 
The  manner  of  doing  this,  as  well  as  the  general  plan  of  the 
method,  is  best  explained  by  referring  to  Fig.  IS. 

The  source  of  current  was  a  battery  of  eight  storage  cells. 
This  current  could  be  held  constant  within  a  fraction  of  one 
per  cent,   by   varying  the   rheostat  resistance  in  the  battery 
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circuit.  The  current  was  known  to  have  the  standard  value 
when  the  galvanometer,  G,  in  the .  standard-cell  circuit  shown 
gave  no  deflection.  It  was  fotmd  in  practice  that  the  rheostat 
resistance  had  to  be  changed  only  a  few  times  in  a  day,  and 
then  only  by  small  amounts.  Since  the  scale  was  calibrated 
so  that  1  mm.  was  equal  to  0.01®  cent.,  the  galvanometer  had 
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Fig.  18. 


to  be  fairly  sensitive.  Only  90  ohms,  R  in  the  diagram,  could 
be  used  in  its  circuit.  The  galvanometer  coil  had  333  qhms 
of  copper  wire  winding,  and  since  copper  changes  about  four- 
tenths  per  cent,  in  resistance  per  degree  centigrade,  it  was 
necessary  to  avoid  changes  in  the  galvanometer  sensibility  due 
to  room  temperature  changes.  The  temperature  of  the  box 
enclosing    the    galvanometer    was,    therefore,    held    constant 
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within  about  one-half  degree  by  means  of  an  electric  ther- 
mostat. 

Since  it  is  impossible  to  adjust  two  resistance-thermometers 
to  exact  equality,  when  at  low  temperatures,  the  difficulty  was 
avoided  by  shunting  each  thermometer,  one  with  10  000  ohms, 
and  the  other  with  a  resistance  near  10  000  ohms,  which  thus 
made  both  thermometers  act  in  balancing  the  bridge  as  if 
they  were  exactly  equal  when  at  the  same  temperature. 

In  calibrating  the  apparatus,  a  necessary  adjustment  was 
made  by  placing  both  thermometers  in  a  tank  containing  well- 
stirred  brine  at  about  —  35®  cent.,  and  then  varying  one  of  the 
shunts.  Si  and  Sj,  imtil  the  galvanometer  showed  no  deflection. 
Another  adjustment  was  made  by  placing  one  thermometer  in 
one  brine  tank,  and  the  other  in  another  brine  tank.  The 
temperature-difference    between    these    brine    tanks    could    be 


Fig.  19. 


controlled,  and  this  difference  was  accurately  measured  by 
taking  a  great  many  readings  with  specially  constructed  mer- 
cury thermometers  with  Reichenstalt  certificates.  The  corre- 
sponding galvanometer  deflections  being  noted,  the  scale  be- 
came calibrated.  By  adjusting  the  resistance,  R,  in  the  gal- 
vanometer circuit,  the  value  of  the  scale  could  be  varied  as 
desired. 

The  calibration  thus  briefly  outlined  was  worked  on  for 
about  three  weeks,  many  refinements  not  mentioned  here  were 
used,  hundreds  of  readings  were  recorded,  and  many  checks 
made  upon  the  observations  taken.  It  was  demonstrated,  as 
a- net  result,  that  this  apparatus  and  method  gave  continuous 
temperature-difference  records  that  were  not  in  error  over 
0.01°  cent.,  the  mean  temperature  measured  being  about  —37° 
cent.,  and  the  average  difference,  about  1.5°  cent.     In  Fig.  19 
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is  given  on  a  much  reduced  scale  one  of  the  record  curves  ob- 
tained in  a  run  of  12  hours. 

Thermoelectric  Pyrometry. 
This  paper  would  be  incomplete  without  some  mention  of 
methods  of  measuring  temperatures  by  means  of  thermo- 
couples. The  subject,  however,  is  extensive,  and  those  inter- 
ested are  again  referred  to  '*  High  Temperature  Measurements," 
by  Le  Chatclier,  where  it  is  very  fully  treated  in  Chapter  VI. 
On  page  132  of  this  work  it  is  stated: 

The  thermoelectric  method  possesses  very  considerable  advantages 
for  use  in  the  laboratory,  as  well  as  industrially,  such  as  smallness  of 
the  thermoelectric  substance,  rapidity  of  indications,  possibility  of 
placing  at  any  distance  the  measuring  apparatus. 

The  author  adds,  page  144: 

In  many  industrial  operations  it  is  desirable  to  know  a  temperature 
in  the  range  of  4()0°C.  to  1500®  C.  to  10®.  This  accuracy  can  be  obtained 
with  industrial  forms  of  the  thermoelectric  pyrometer,  but  only  when 
certain  conditions  are  fulfilled  by  the  maker  and  user. 

These  statements  cover  the  generally  accepted  views  regard- 
ing the  advantages  to  be  obtained  in  using  thermo-couples, 
but  from  what  has  been  shown  respecting  the  forms  and  uses  of 
resistance  thermometers,  all  the  advantages  stated  for  thermo- 
couples are  equally  to  be  obtained  with  resistance  thermometers, 
where  the  upper  temperature  limit  of  the  latter  is  not  exceeded. 
Possibly,  thermo-couples  can  be  used  with  somewhat  higher 
temperatures,  but  the  gain  is  probably  not  great  if  the  Kelvin 
bridge  method  be  used  with  a  properly  constructed  potential- 
point  thermometer. 

Thermo-couples  for  high  temperature  work  are  best  made 
of  a  combination  of  platinum  and  platinum  with  10%  rhodium. 
This  combination  is  recorded  as  giving: 

565  microvolts  betv/een  0°  and      100°  cent. 
3  450  "  "        0°    "        44S°     " 

8  500  "  "        0°    "        930°     '* 

15  100  '•  "        0      "     1500°     " 

The  electromotive  force  developed  as  a  function  of  the  tem- 
perature may  be  measured  most  accurately  with  a  potentio- 
meter, and  most  conveniently  by  the  indirect  method  of  noting 
the  current  through  a  constant  or  nearly  constant  resistance 
circuit  with  a  galvanometer.     Such   a  galvanometer  needs  to 
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have  greater  sensibility  than  can  easily  be  obtained  with  a 
portable  pivoted  instrument. 

Suspended-coil  instruments,  of  the  so-called  marine  type, 
which  require  no  special  leveling,  ser\-e  the  purpose  well.  They 
can  be  supplied  with  the  telescope  and  scale  attached  to  the 
galvanometer,  and  thereby  become  semi-portable. 

For  high  temperature  work,  the  thermo-couple  must  be 
protected  in  porcelain  tubes,  in  a  manner  similar  to  resistance 
thermometers. 

The  Measurement  op  Extremely  High  Temperatures. 

Many  scientific  investigations  and  industrial  operations  now 
require  that  temperatures  shall  be  measured  at  which  all  mate- 
rials deteriorate  or  become  fused  or  destroyed.  The  electrical 
methods  directly  applied  must  fail  to  be  of  ser\'ice  here,  and 
one  must  resort  to  radiation  pyrometry.  The  various  methods 
proposed  for  measuring  high  temperatures  by  means  of  the 
radiation  given  off  from  a  hot  body  have  recently  received 
much  study,  and  very  successful  developments  have  followed 
along  this  line.  The  subject,  however,  does  not  fall  within 
the  scope  of  this  paper,  and  reference  must  be  made  to  the 
above  mentioned  treatise  of  Le  Chatelier,  and  to  an  excellent 
summary  of  this  and  other  subjects  relating  to  high-tempera- 
ture measurements  by  Dr.  C.  W.  Waidner.! 

1.  "  Methods  of  Pyrometry."  Reprinted  from  the  Proceedings  of  the 
Engineers*  Society  of  Western  Pennsylvania,  September,  1904. 
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Discussion  on  **  Measurement  op  Temperature  by  Elec- 
trical Means/'  at  Milwaukee,  Wis.,  May  30,  1906. 

F.  F.Schuetz :  I  must  take  exception  to  several  of  the  state- 
ments regarding  the  thermoelectric  pyrometer.  The  author 
says: 

All  the  advantages  stated  for  thermoelectric  couples  are  equally  to 
be  obtained  with  resistance  thermometers. 

Some  of  the  **  not-stated  '*  advantages  of  some  thermoelectric 
pyrometers,  and  advantages  not  possessed  by  resistance  pyro- 
meters, are  as  follows: 

1.  Direct  readings  with  wall  or  portable,  pivot,  dead-beat  indi- 
cating instruments  whose  scales  are  directly  visible. 

2.  Direct  recording  of  temperatures  with  a  recording  device 
similar  to  a  recording  voltmeter  or  ammeter.  A  smoked  vibrat- 
ing chart  is  preferably  used  as  the  record-sheet. 

3.  Use  of  different  range  scales  upon  the  same  instrument. 

4.  The  use  of  comparatively  inexpensive  elements  of  substan- 
tial size,  readily  insulated  and  protected;  these  may  in  many 
cases  be  left  bare,  and  without  any  appreciable  lag  in  assuming 
thermal  equilibrium. 

5.  The  instantaneous  indication  of  temperatures  and  varia- 
tions thereof  of  molten  baths,  and  metallic  plates,  etc. 

6.  Non-fragile  couples,  and  the  convenient  and  cheap  replac- 
ing of  the  destructible  parts. 

7.  A  pyrometer  which  may  be  entrusted  to  workmen  of  even 
less  than  ordinary  intelligence. 

8.  The  comparative  inexpensiveness,  when  not  making  use 
of  platinum-rhodium  couples  which  are  only  necessary  for  tem- 
perature above  2600°  fahr.  (although  in  some  instance  temper- 
atures even  as  high  as  2900°  fahr.  may  be  measured  with  the 
cheaper  couples). 

9.  The  practically  unlimited  length  of  the  couple  itself;  and 
the  practical  possibility  of  being  able  to  use  a  great  number  of 
these  couples  and  at  various  points,  because  of  their  comparative 
inexpensiveness. 

There  is  yet  another  statement  which  needs  correcting,  namely: 

Such  a  galvanometer  needs  to  have  greater  sensibility  than  can  be 
easily  obtained  with  a  portable  pivoted  instrument,  etc. 

The  use  of  a  galvanometer  is  not  at  all  necessary,  unless  work- 
ing with  the  Le  ChateHer  high -resistance  system  with  the  stand- 
ard platinum-rhodium  elements. 

A  low-resistance  system,  using  cheaper  elements  which  give 
some  five  times  the  electromotive  force  of  the  standard  Le  Chate- 
lier  couple,  has  recently  been  devised  by  Professor  William  H. 
Bristol  of  the  Stevens  Institute  of  Technology.  In  this  system 
a  wall  or  portable,  Weston,  pivot,  dead-beat  instrument  is 
employed,  requiring  no  particular  care  in  handling. 
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A  paper  on  this  subject  was  recently  read  by  Professor  Bristol 
at  the  Chattanooga  Meeting  of  the  American  Society  of  Mechani- 
cal Engineers. 

It  is  admitted  that  for  extremtly  refined  and  accurate  work 
the  thermoelectric  pyrometer  must  give  place  to  the  resistance 
pyrometer;  but  for  ordinary  commercial,  industrial,  and  testing 
purposes,  where  indications  to  within  one  or  two  degrees  are 
satisfactor>\  it  is  thought  that  the  thermo  electric  pyrometer  is 
and  \v'ill  continue,  because  of  the  advantages  enumerated,  to  be 
the  most  desirable  and  satisfactory-  temperature -measuring 
device  for  temperatures  up  to  2900°  fahr.,  1600**  cent. 


A  /n^r  presented  at  the  ^d  AnHual  CoHvention 
of  the  American  Institute  0/ Electrical  Engi* 
neersy  Milwaukee^  Wis.y  May  ^S-jl^  iqob. 

Copyright  1906. By  A.  I.  E.  E. 


INTERURBAN  TEST-CAR  OF  THE  UNIVERSITY  OF 
ILLINOIS. 


RY  THOMAS  M.  GARDNER. 


About  \h  years  ago  the  first  serious  consideration  was  given 
to  railway  testing  work  by  an  educational  institution  when 
one  of  the  universities  of  the  middle  West*  installed  a  loco- 
motive-testing plant.  Shortly  after,  the  University  of  Illinois 
obtained  its  dynamometer  car,  which  was  in  service  for  some 
years  and  was  later  replaced  by  a  second  car  having  many  im- 
provements over  the  original  one.  This  car  is  now  operated  jointly 
with  the  Illinois  Central  Railroad.  It  was  used  at  the  tim'* 
of  making  the  recent  exhaustive  investigationsfor  the  electrifica- 
tion of  the  New  York  Central  Railroad.  The  knowledge  ac- 
quired from  the  above  mentioned  sources  has  been  of  much 
value  both    commercially  and  educationally. 

It  is  a  recognized  fact  that  on  account  of  the  rapid  growth 
of  street  and  interurban  railways,  and  the  electrification  of  steam 
roads,  there  should  be  electric  cars  properly  equipped  for  in- 
vestigation along  these  lines.  Numerous  tests  have  been  made 
of  electric  locomotives  and  of  street  cars  temporarily  fitted 
up  with  instruments.  Perhaps  the  best  known  of  these  are  the 
tests  conducted  some  LS  months  ago  on  one  of  the  electric  roads 
in  Indiana. 

Ihe  university  authorities  seeing  the  value  of  the  dynamo- 
meter car  to  the  department  of  mechanical  engineering,  and 
realizing  what  a  promising  field  was  opened  in  electric  railway 
work,  added  to  the  equipment  of  the  electrical  engineering 
department  an  interurban  car  for  testing  purposes.  So  far  as 
the  writer  knows  this  is  the  first  car  of  its  kind  owned  by  an 
educational  institution. 

*  Purdue  University. 

507 


508  GARDNER:  TEST  CAR.  [May  30 

The  object  of  laboratory  work  is  to  make  clearer  to  the 
student  many  facts  mentioned  in  the  class-room,  as  well  as  to 
help  him  to  become  familiar  with  the  construction,  operation, 
and  use  of  the  different  machines;  so  it  is  believed  that  this 
car  will  materially  supplement  the  recitations  and  lectures  in 
the  street  railway  course. 

In  this  section  of  the  middle  West  interurban  track  con- 
struction is  going  on  at  a  rapid  rate,  and  in  the  next  few  years 
the  mileage  of  electric  railways  will  be  greatly  increased.  The 
car  at  present  can  run  only  between  Champaign  and  Danville, 
Illinois,  a  distance  of  35  miles,  but  in  a  few  months,  when  the 
connection  with  the  St.  Louis  line  is  completed,  it  will  be  able 
to  travel  over  practically  all  of  the  Illinois  Traction  System. 
Thus,  those  taking  this  work  will  be  given  an  opportunity  to  study 
the  general  requirements  of  electric  railroading,  meeting  the 
different  employees  and  learning  something  of  the  various 
conditions  of  operation;  so  being  able  more  thoroughly  to 
understand  the  requirements  of  practice.  It  is  the  intention 
of  the  department  to  cooperate  with  the  management  of  the 
companies  whenever  possible,  endeavoring  to  solve  some  of  the 
problems  of  mutual  interest  that  are  constantly  occurring. 
Different  pieces  of  apparatus  can  be  tested,  and  their  strong  as 
well  as  their  weak  points,  both  mechanical  and  electrical,  can 
be  noted. 

Many  engineering  students  are  taking  up  electric  traction, 
and  it  is  hoped  that  when  this  car  is  completely  equipped,  and 
the  course  fully  rounded  out,  that  those  graduating  will  be 
much  better  fitted  for  this  kind  of  work  than  formerly. 

Most  of  the  time  during  the  present  year  has  been  given  to 
the  building  and  installing  of  the  different  measuring  instru- 
ments, rather  than  to  the  acquisition  of  scientific  data.*  Several 
of  the  theses  of  the  present  senior  class  have  been  upon  the 
design  and  construction  of  special  apparatus  for  the  car,  while 
some  of  the  other  theses  have  depended  upon  such  tests  as  it 
has  been  possible  to  make. 

The  car  as  shown  in  Fig.  1  was  received  from  the  manufacturers 
last  fall.  It  is  of  the  high-speed  intenirban  type,  weighing  as 
equipped  approximately  27.5  tons.  The  general  dimensions 
of  the  car  body  are  as  follows:  length  over  corner-posts  34  ft.  4  in. ; 
length  over  vestibules  45  ft.;  width  over  all.  S  ft.  4  in.;  The 
interior  is  divided  by  a  partition  into  two  compartments,  one 

♦Numerous  changes  in  instrument  equipment  are  in  contemplation. 
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being  11  ft.  10  in.,  and  the  other  22  ft.  6  in.  in  length.  The 
larger  of  these  may  be  called  the  computing  room,  and  it  con- 
tains a  typewriter  desk,  sectional  bookcases,  filing  cabinet,  and 
chairs.  The  smaller  one  is  quite  filled  with  car-control  ap- 
paratus and  the  table  of  testing  instruments.  The  enclosed 
vestibules  are  fitted  with  the  usual  fold-doors.  The  interior 
finish  is  of  golden  oak,  while  the  exterior  is  painted  dark 
blue,  with  orange  trimmings,  the  university  colors. 

The  trucks  are  of  standard  construction ;  one  set  of  wheels  is  of 


Fig.  1. 


rolled  steel  and  the  other  of  cast  iron,  both  having  Master  Car 
Builders'  treads  and  flanges.  The  wheel-bases  are  6  ft.  4  in., 
and  the  distance  between  center-bearings  is  22  ft.  4  in. 

The  motive  power  equipment  has  four  motors  rated  at  40  h.p. 
each,  with  a  pressure  on  the  trolley  wire  of  500  volts.  The  gear- 
ratio is  22-62,  which  gives  a  car  velocity  of  approximately  45 
miles  per  hour,  with  1  'M)0  rev.  per  min.  of  the  armatures.  Much 
of  the  apparatus  which  would  otherwise  be  placed  under  the 
floor  of  the  car  is  shown  in  Figs.  2  and  3. 
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In  Fig.  2,  on  the  right  is  seen  the  switch-group  and  circuit- 
breaker;  the  Umit-switch  and  the  Hne  relay  are  placed  just  be- 
hind the  door  and  so  do  not  show  in  the  picture.  In  this  same 
room  are  also  the  battery -charging  relay  and  double-throw 
switch  for  that  purpose.  To  the  left  of  the  door  is  to  be  seen 
the  testing  table  with  numerous  pieces  of  apparatus  mounted 
upon  and  placed  beneath  it.  Although  considerable  space  is 
taken  by  this  plan,  yet  for  inspection  and  instructional  pur- 
poses it  was  deemed  best  to  have  them  arranged  as  shown. 
Whenever  desired,  the  metal  covers  of  the  car-control  apparatus 


Fig. 


can  be  removed  and  the  students  can  thus  see  the  mechanical 
operation.  Fig.  3  is  a  view  taken  from  the  opposite  end  of  this 
same  compartment. 

In  the  adjacent  vestibule  is  mounted  a  large  cut-out  switch, 
and  an  integrating  wattmeter  for  recording  the  electrical 
energy  supplied  to  the  car-lighting  circuit,  and  to  the  motor  which 
drives  the  air-compressor.  In  addition  to  these  are  the  master- 
controller,  motorman's  air-brake  valve,  air-pressure  gauge, 
hand-brake,  and  sand-box.  In  the  other  vestil)ulc.  besides  the 
usual  equipment,  has  been  placed  the  governor  for  the  air-pump. 
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The  rest  of  the  control  apparatus,  the  reservoirs  for  the  air- 
brake, and  the  air-compressor,  are  in  their  usual  positions. 
The  brake  system  is  operated  directly  by  compressed  air. 

Instrument  Wiring.  Inserted  in  the  main  circuit  is  a  large 
integrating  wattmeter,  reading  total  energy  supplied  to  the  car. 
A  branch  circuit  supplies  the  electric  energy  to  the  air-compressor. 
The  main  current  passes  through  a  graphic  recording  ammeter  and 
a  standard  shunt,  which  in  connection  with  a  millivoltmeter  may 
at  intervals  be  used  as  a  check.    An  ammeter  is  inserted  in  the  ex- 


Fio.  3. 


citing  circuit  of  this  same  recording  ammeter,  to  read  the  neces- 
sary exciting  current.  Alongside  is  a  short-circuiting  switch 
for  cutting  out  the  large  ammeter.  Adjacent  to  this  instrument 
is  a  recording  voltmeter,  which  is  likewise  supplied  with  a  low- 
reading  ammeter,  for  measuring  its  exciting  current.  On  this 
table  are  also  four  switches,  to  which  the  leads  from  the  indi- 
vidual   motors     arc     connected    for    the  purpose    of    control- 
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ling  the  separate  motor  currents.  A  small  plug-board  is 
conveniently  placed  for  voltmeter  use,  from  which  run  pressure 
wires  to  the  several  armatures  and  fields,  so  that  the  drop  in 
voltage  across  them  may  be  obtained.  Nearby  are  electric 
instruments  for  indicating  car  velocities  and  accelerations. 

In  Fig.  2  is  shown  an  integrating  wattmeter  mounted  on  the 
end  partition,  near  the  roof,  and  in  Fig.  3  to  the  left  of  the  door 
is  to  be  seen  an  autometer,  which  gives  the  velocity  of  the  car 
in  miles  per  hour,  miles  per  trip,  and  total  mileage.  Above 
the  testing  table  is  the  time-marker  clock,  which  controls  the 
time-needles  of  the  recording  instruments,  intervals  of  five  sec- 
onds being  indicated  by  side  marks  on  the  records. 


Fig.  4. 

Apparatus  jor  Determining  Speeds  and  Accelerations.  Fastened 
to  the  frame  of  the  truck  as  shown  in  the  accompanying  photo- 
graph. Fig.  4,  is  placed  a  direct-current  low-voltage  generator 
of  0.5-kw.  output.  This  is  driven  by  means  of  two  sprockets 
and  a  chain;  one  of  the  gears  being  around  an  axle,  the  other 
being  keyed  to  the  armature  shaft.  On  the  opposite  end  of  this 
shaft  is  a  gear  which  drives  a  scries  of  wheels,  to  the  last  of 
which  is  affixed  a  flexible  shaft,  which  extends  up  through  the 
car  floor  and  drives  the  autometer  just  mentioned.  As  it  is  de- 
sirable to  determine  not  only  the  velocities  but  also  the  accelera- 
tions, and  since  all  of  the  different  forms  of  mechanical  accelero- 
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meters  take  into  account  not  only  the  acceleration  but  the  in- 
clination of  the  car,  it  was  decided  that  only  apparatus  that  would 
give  the  former  should  be  used. 

Advantage  was  taken  of  the  principle,  that  as  acceleration 
is  the  rate  of  change  of  velocity,  and  since  the  induced  electro- 
motive force  in  the  secondary  of  a  transformer  is  directly  pro- 
portional to  the  rate  of  change  of  current  in  the  primary,  and 
as  the  generator  supplied  current  according  to  its  speed,  there- 
fore the  voltage  induced  in  the  secondary  would  be  directly 
proportional  to  the  rate  of  charge  of  velocity  of  the  car.  Hence 
the  voltmeter  could  be  made  to  read  directly  the  acceleration 
in  miles  per  hour  per  second,  or  feet  per  second  per  second,  axid 
show  whether  the  values  were  negative  or  positive. 


37 
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The  generator  is  so  designed  that  its  current  varies  directly 
with  the  revolutions  per  minute  of  the  armature,  its  curve  of 
regulation  being  a  straight  line,  between  the  working  limits. 
The  maximum  current  taken  is  10  amperes.  Fig.  5  is  a  diagram 
of  this  apparatus.  The  field  of  the  generator  is  separately 
excited  by  means  of  a  storage-battery.  The  reading  of  the 
ammeter  inserted  in  the  circuit  is  maintained  constant  by  the 
means  of  resistance,  36.  From  the  armature  of  the  generator, 
26,  runs  a  wire  to  one  of  the  terminals  of  a  secondary  coil  of  a 
0.5-kw.  transformer,  the  turns  in  the  winding  of  which  are  such 
as  to  reduce  the  pressure  from  2  200  volts  down  to  220  or  110, 
as  desired  in  lighting  work.     This  direct  current  passes  through 
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the  rheostat,  37;  switch  and  ammeter,  39;  back  to  the  gen- 
erator. From  this  ammeter  the  velocities  of  the  car  may  be 
read.  In  the  high-voltage  or  primary  coils  of  this  transformer  is  a 
voltmeter,  which  gives  the  electric  presstire  proportional  to 
the  rate  of  change  of  current  in  the  secondary,  now  used  as  a 
primary.  This  reading  is  directly  proportional  to  the  accelera- 
tion as  before  mentioned.  This  voltmeter  must  have  its  zero 
at  the  middle  of  its  scale,  because  the  needle  must  swing  in  one 
direction  or  the  other,  as  the  acceleration  is  negative  or  posi- 
tive. When  the  speed  is  constant  it  is  evident  that  the  reading 
must  be  zero. 

It  was  found  that  the  values  of  acceleration  at  low  speeds 
were  not  satisfactory,  because  of  the  small  amount  of  cturent 
in  the  generator  circuit  giving  too  low  a  magnetic  density  in 
the  iron  core.  The  other  secondary  coil  was  then  separately  ex- 
cited* by  means  of  a  battery  of  storage  cells,  and  no  further 
trouble  has  resulted. 

The  current  is  kept  at  a  constant  reading  in  the  ammeter, 
41,  by  means  of  resistance,  46.  This  apparatus  gives  extremely 
accurate  values  of  velocity  and  acceleration,  and  is  a  modifica- 
tion of  that  described  by  Professor  Owens  of  McGill  University. 

Instead  of  indicating  ammeter  and  voltmeter  for  the  readings 
just  mentioned,  will  soon  be  placed  instruments  of  the  re- 
cording type,  so  that  continuous  records  may  be  taken. 

In  a  short  time  there  will  be  added  a  graphic  curve  recorder, 
indicating  the  curvature  of  the  track;  an  inclinometer  showing 
the  variation  in  the  grade;  and  diaphragms  suitably  placed  on 
the  sides  and  ends  of  the  car  for  obtaining  the  various  wind 
pressures. 

Fig.  6  is  a  general  wiring  diagram  of  this  type  of  car.  It  has 
only  been  slightly  modified  by  the  insertion  of  switches  in  the 
motor  leads,  the  running  of  pressure  wires  to  the  fields  and 
armatures  from  the  small  plug-board  in  testing  room,  and  by 
the  insertion  of  the  instruments  in  several  of  the  circuits.  The 
location  of  much  of  the  apparatus  so  as  to  be  accessible  when 
the  car  is  in  motion  has  compelled  the  running  of  many  of  the 
wires  along  the  sides,  or  under  the  extra  floor  in  the  testing 
room,  which  has  been  put  down  in  sections  so  that  it  may 
easily  be  removed.  Access  to  the  transite  lined  conduits  thus 
formed  between  it  and  the  car  floor  proper,  may  be  quickly 
obtained. 

^Thesis  of  Saathoff  and  Wooster. 
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The  car  in  plan  and  in  longitudinal  and  cross-sectional  eleva- 
tions is  seen  in  Figs.  7,  8,  9,  10,  and  11.  Many  of  the  different 
pieces  of  apparatus  for  car  control,  and  for  measurement,  have 
been  numbered  to  give  a  more  complete  idea  of  their  arrange- 
ment. 

1  and  2,  Switches  for  charging  equipment  batteries. 

3,  Switch  for  charging  instrument  battery. 

4,  Battery-charging  relay. 

5,  Autometer. 

6,  Time-marker  clock. 

7,  Integrating  wattmeter  for  total  load. 

8,  Limit-switch. 

9,  Line  relay. 

12,  13,  14,  and  16,  Individual  motor  switches. 

17,  Ammeter  for  exciting  current  to  recording  voltmeter,  18. 

19,  Recording  ammeter. 

20,  Exciting  current  ammeter  for  19. 

21,  Recording  ammeter  short-circuiting  switch. 

22,  Main  switch. 

23,  Master-controller. 

24,  Motorman's  air- valves. 

25,  Sand-boxes. 

26,  Generator  for  speed -recorder. 

27,  Motors. 

28,  Storage-batteries  for  switch-group. 

29,  Main  air-reservoir. 

30,  Resistances. 

31,  Motor  control  cut-out. 

32,  Circuit-breaker. 

33,  Switch-group. 

34,  Millivoltmeter  used  in  connection  with  the  standard  shunt,  42. 

35,  Wattmeter    measuring   energy  supplied  to  the  air-compressor. 

36,  37,  and  46,  Resistances  used  in  connection  with  speed -recorder  and 
accelerometer. 

38,  39,  40,  41,  Ammeters  and  voltmeters  of  above  apparatus. 

42,  Standard  shunt. 

43,  Reverse  switch. 

44,  0.5-kw.  transformer. 

45,  Storage  cells. 
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Discussion  on  **  The  Educational  Value  of  An    Electric 
Test  Car"  at  Milwaukee,  Wis.,  May  30,  1906. 

P.  M.  Lincoln:  What  degree  of  accuracy  can  be  obtained  from 
the  accelerometer?  The  accelerometer,  as  I  understand  it,  opera- 
tes from  a  change  of  voltage  in  the  transformer,  which  is  caused 
by  a  change  in  current,  which  in  turn  is  caused  by  a  change  in 
speed.  It  seems  to  me  that  the  magnetic  lag  of  the  transformer 
would  cause  a  considerable  error  in  regard  to  the  change  in 
voltage  and  change  in  current.  Just  how  much  that  amounts 
to,  and  how  an  accurate  result  could  be  obtained  is  the  question. 

D.  C.  Jackson:  1  would  like  to  call  attention  to  several 
advantages  of  this  kind  of  apparatus.  The  title  of  the  paper  is 
*'  The  Educational  Value  of  an  Electric  Test-Car.*'  Now,  from 
the  standpoint  of  instruction,  1  do  not  believe  such  a  test-car 
brings  returns  worthy  of  the  great  amount  of  money  that  goes 
into  it.  On  the  other  hand,  there  are  two  features  of  pronounced 
advantage.  One  lies  in  the  fact  that  the  college  can  construct, 
maintain,  and  operate  such  apparatus  very  advantageously, 
because,  for  one  thing,  it  is  a  natural  holder  of  such  apparatus 
The  work  of  investigation  can  be  done  by  the  colleges  with  such 
apparatus,  and  the  results  will  be  made  public  so  as  to  be  useful 
to  all  concerned  when  the  work  is  completed.  The  results  of 
similar  investigations  might  not  be  made  public  by  private 
corporations  owning  such  test  apparatus.  The  second  advant- 
age is  that  it  brings  the  colleges  into  intimate  contact  with 
operating  managers  and  engineers,  and  there  is  no  question  about 
the  educational  value  to  both  the  colleges  and  the  corporations  that 
come  from  that  feature.  From  that  standpoint  I  think  the  title 
of  the  paper  is  justified. 

M.  K.  Akers:  As  to  the  accelerometer,  I  am  sorry  I  cannot 
give  any  precise  answer  to  the  question;  but  the  transformer, 
being  excited  by  the  direct  current  from  the  machine,  and  there 
being  but  a  comparatively  slight  change  in  the  current,  I  think 
the  hysteresis  would  introduce  but  slight  error  and  have  a 
limite(l  qfieiot. 
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THE  ART  OF  INVENTING. 


BY  EDWIN  J.  PRiNDLE. 


There  are  many  kinds  of  invention.  The  poet,  the  artist, 
the  playwright,  the  novehst  all  exercise  or  may  exercise  in- 
vention in  the  production  of  their  works.  The  merchant  may 
exercise  invention  in  the  devising  of  a  new  method  of  selling 
goods.     The  department  store  was  an  invention  of  this  class. 

The  subject  of  my  paper  is,  however,  the  art  of  making  tech- 
nical inventions,  and  particularly  patentable  inventions.  And, 
first,  of  its  commercial  importance;  for  the  engineer  is  con- 
cerned with  things  having  a  commercial  value.  By  the  art  of 
inventing,  wealth  is  created  absolutely  out  of  ideas  alone.  It 
usually  takes  capital  to  develop  an  invention  and  make  it  pro- 
ductive, but  not  always.  A  notable  recent  example  is  Professor 
Pupin's  loaded  telephone  line.  He  received  a  very  large  sum 
of  money,  and  his  expenditures,  as  I  understand,  were  com- 
paratively trivial. 

The  certificate  of  ownership  of  an  invention  is  a  patent,  and 
the  importance  of  the  art  of  invention  will  be  made  apparent 
from  a  brief  consideration  of  what  rights  a  patent  confers  and 
of  the  part  that  patents  play  in  the  industries. 

A  patent  is  the  most  perfect  form  of  monopoly  recognized 
by  the  law.     As  was  said  in  a  recent  decision: 

'*  Within  his  domain,  the  patentee  is  czar.  The  people  must  take 
the  invention  on  the  terms  he  dictates  or  let  it  alone  for  seventeen  years. 
This  is  a  necessity  from  the  nature  of  the  grant.  Cries  of  restraint  of 
trade  and  impairment  of  the  freedom  of  sales  are  unavailing,  because 
lOr  the  promotion  of  the  useful  arts  the  constitution  and  statutes  author- 
ize this  very  monopoly." 
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There  is  an  enormous  amount  of  wealth  in  this  cotmtry  that 
is  based  upon  patents.  As  an  instance,  might  be  mentioned 
the  fact  that  the  United  Shoe  Machinery  Company  is,  by  means 
of  patents,  able  to  control  the  sewing  machines  upon  which 
ninety  per  cent,  of  the  welt  shoes  in  the  United  States  are 
sewed.  The  Bell  Telephone  Company,  and  the  Westinghouse 
Air  Brake  Company  and  many  other  corporations  of  the  first 
importance  built  themselves  up  on  patents.  Patents  have  be- 
come so  well  recognized  a  factor  in  commerce  that,  in  many 
lines  of  manufacture,  concerns  do  not  depend  simply  upon 
cheapness  of  manufacture,  or  quality  of  product,  to  maintain 
their  trade,  but  they  count  on  always  having  a  product  which 
is  at  least  slightly  better  than  that  of  their  competitors,  and 
which  is  covered  by  patents,  so  that  they  do  not  have  to  com- 
pete with  an  article  of  equal  merit.  And  they  keep  a  corps 
of  inventors  at  work  in  a  constant  effort  to  improve  the  product, 
so  that,  when  the  patents  now  giving  protection  have  expired, 
they  will  have  a  better  article  to  oflfer,  which  shall  also  be  pro- 
tected by  patents. 

Inventing  has  become  almost  a  recognized  profession.  Many 
large  concerns  constantly  employ  a  large  corps  of  inventors, 
at  liberal  salaries.  Besides  the  inventors  employed  by  large 
corporations,  there  are  many  inventors  who  have  maintained 
their  independence,  and  are  free  lances,  so  to  speak.  Some  in- 
ventors have  become  wealthy  almost  solely  by  their  inventions, 
such  as  Edison,  Bell,  Westinghouse,  Marconi,  Pupin,  Tesla, 
and  Sprague.  A  considerable  number  of  the  smaller  manufac- 
turing concerns  are  built  largely  or  wholly  upon  the  inventions 
of  their  principal  owners. 

Aside  from  the  question  of  financial  returns  from  inventing, 
the  inventor  has  the  satisfaction  of  knowing  that  he  is  a  pro- 
ducer of  the  most  fundamental  kind.  All  material  progress 
has  involved  the  production  of  inventions.  Inventors  are  uni- 
versally conceded  to  be  among  the  greatest  benefactors  of  the 
human  race. 

The  art  of  invention  is  therefore  one  of  great  commercial 
and  economical  importance,  and  it  becomes  a  matter  of  much 
interest  to  know  how  inv*:'ntions  are  produced.  It  is  my  ob- 
ject to  attempt  an  explanation  of  the  manner  of  their  produc- 
tion. 

If  it  be  inquired  on  what  grounds  I  oiTer  an  explanation  of 
this  apparently  most  difficult  subject,  I  reply  that,  in  the  prac- 
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tice  of  patent  law,  I  have  often  had  occasion  and  opportunity 
to  inquire  into  the  mental  processes  of  inventors,  and  that 
the  subject  is  one  to  which  I  have  given  considerable  attention. 

It  seems  to  be  popularly  believed  that  the  inventor  must 
be  bom  to  his  work,  and  that  such  people  are  bom  only  occa- 
sionally. This  is  true,  to  a  certain  extent,  but  I  am  convinced 
there  are  many  people  who,  without  suspecting  it,  have  latent 
inventive  abilities,  which  could  be  put  to  work  if  they  only 
knew  how  to  go  about  it.  The  large  percentage  of  inventors 
in  this  country  compared  with  all  other  countries,  shows  that 
the  inventive  faculty  is  one  which  can  be  cultivated  to  some 
extent.  The  difference  in  ingenuity  is  not  wholly  a  matter  of 
race,  for  substantially  the  same  blood  exists  in  some  other 
countries,  but  it  is  the  encouragement  of  our  patent  laws  that 
has  stimulated  the  cultivation  of  this  faculty. 

The  popular  idea  seems  to  be  that  an  invention  is  produced 
by  its  inventor  at  a  single  effort  of  the  imagination  and  com- 
plete, as  Minerva  sprang  full  grown  and  fully  armed  from  the 
mind  of  Jove. 

It  is,  undoubtedly,  true  that  every  inventor  must  have  some 
imagination  or  creative  faculty,  but,  as  I  shall  seek  to  show, 
this  faculty  may  be  greatly  assisted  by  method.  While  reason- 
ing does  not  constitute  the  whole  of  an  inventive  act,  it  can, 
so  to  speak,  clear  the  way  and  render  the  inventive  act  easier 
of  accomplishment. 

Invention  has  been  defined  as  "In  the  nature  of  a  guess; 
the  mind  leaps  across  a  logical  chasm.  Instead  of  working 
out  a  conclusion,  it  imagines  it."  The  courts  have  repeatedly 
held  that  that  which  could  be  produced  purely  by  the  process 
of  reasoning  or  inference,  on  the  part  of  one  ordinarily  skilled 
in  the  art  is  not  patentable,  but  that  the  imaginative  or  creative 
faculty  must  somewhere  be  used  in  the  process.  The  mind 
must  somewhere  leap  from  the  known  to  the  unknown  by  means 
of  the  imagination,  and  not  by  mere  inference  in  making  the 
invention.  But  the  inventor,  consciously  or  unconsciously,  by 
proper  method,  reduces  the  length  of  this  leap  to  much  more 
moierate  proportions  than  is  popularly  supposed. 

That  reasoning  and  research  frequently  enter  very  largely 
into  the  inventive  act  in  aid  of  the  creative  faculty  is  the  opin- 
ion of  Dr.  Trowbridge,  of  Columbia  University  who  said: 

"  Important  inventions  leading  to  widespread  improvements  in  the 
arts  or  to  new  industries  do  not  come  by  chance,  or  as  sudden  inspira- 
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tion,  but  are  in  almost  every  instance  the  result  of  long  and  exhaustive 
researches  by  men  whose  thorough  familiarity  with  their  subjects  en- 
ables them  to  see  clearly  the  way  to  improvements.  Almost  all  im- 
portant and  successful  inventions  which  have  found  their  way  into  '»en- 
sral  use  and  acceptance  have  been  the  products  of  well-balanced  and 
thoughtful  minds,  capable  of  patient  laborious  investigation." 

Judge  Drummond,  in  a  decision  many  years  ago,  said: 

"  Most  inventions  are  the  result  of  experiment,  trial,  and  efTort,  and 
few  of  them  are  worked  out  by  mere  will." 

Most  inventions  are  an  evolution  from  some  previously  in- 
vented form.     It  has  been  said: 

"  We  know  exactly  how  the  human  mind  works.  The  unknown — or 
unknowable — it  always  conceives  in  terms  of  the  known." 

Even  the  imagination  conceives  in  terms  of  what  is  already 
known;  that  is,  the  product  of  the  imagination  is  a  transforma- 
tion of  material  already  possessed.  Imagination  is  the  associa- 
tion in  new  relations  of  ideas  already  possessed  by  the  mind. 
It  is  impossible  to  imagine  that,  the  elements  of  which  are  not 
already  known  to  us.  We  cannot  conceive  of  a  color  which 
does  not  consist  of  a  blending  of  one  or  more  colors  with  which 
we  are  already  familiar.  This  evolution  of  an  invention  is 
more  or  less  logical,  and  is  often  worked  out  by  logical  pro- 
cesses to  such  an  extent  that  the  steps  or  efforts  of  imagination 
are  greatly  reduced  as  compared  with  the  effort  of  producing 
the  invention  solely  by  the  imagination. 

Edison  is  quoted  as  having  said  that  "  any  man  can  become 
an  inventor  if  he  has  imagination  and  pertinacity,**  that  **  in- 
vention is  not  so  much  inspiration  as  perspiration." 

There  are  four  classes  of  protectable  inventions.     These    are 

Arts, 

Machines, 

Manufactures,  and 

Compositions  of  matter. 

In  popular  language  an  art  may  be  said  to  be  any  process 
or  series  of  steps  or  operations  for  accomplishing  a  physical 
or  chemical  result.  Examples  are,  the  art  of  telephoning  by 
causing  undulations  of  the  electric  current  corresponding  to 
the  sound  waves  of  the  spoken  voice.  The  art  of  casting  car 
wheels,  which  consists  in  directing  the  metal  into  the  mold  in 
a  stream  running  tangcntially  instead  of  radially,  so  that  the 
metal  in  the  mold  is  given  a  rotary  movement,  and  the  heavy, 
sound  metal  flows  out  to  the  rim  of  the  wheel,  while  the  light 
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and  defective  metal  is  displaced  toward  the  centre,  where  it  is 
not  subjected  to  wear. 

The  term  machine  hardly  needs  any  explanation.  It  may 
be  said  to  be  an  assemblage  of  two  or  more  mechanical  elements, 
having  a  law  of  action  of  its  own. 

A  manufacture  is  anything  made  by  the  hand  of  man,  which 
is  neither  a  machine  nor  a  composition  of  matter;  such  as,  a 
chisel,  a  match,  or  a  pencil. 

The  term  composition  of  matter  covers  all  combinations  of 
two  or  more  substances,  whether  by  mechanical  mixture  or 
chemical  union,  and  whether  they  be  gases,  fluids,  powders  or 
soUds;  such  as,  a  new  cement  or  paint. 

These  definitions  are  not  legally  exact,  but  serve  to  illustrate 
the  meaning. 

In  the  making  of  all  inventions  which  do  not  consist  in  the 
discovery  of  the  adaptability  of  some  means  to  an  end  not 
intentionally  being  sought  after,  the  first  step  is  the  selection 
of  a  problem.  The  inventor  should  first  make  certain  that  the 
problem  is  based  upon  a  real  need.  Much  time  and  money 
is  sometimes  spent  in  an  effort  to  invent  something  that  is  not 
really  needed.  What  already  exists  is  good  enough  or  is  so  good 
that  no  additional  cost  or  complication  would  justify  anything 
better.  The  new  invention  might  be  objectionable  because  it 
would  involve  counter  disadvantages  more  important  than  its 
own  advantages,  so  that  a  really  desirable  object  is  the  first 
thing  to  be  sure  of. 

Having  selected  a  problem,  the  next  step  should  be  a  thorough 
analysis  of  the  old  situation,  getting  at  the  reasons  for  the 
faults  which  exist,  and  in  fact  discovering  the  presence  of 
faults  which  are  not  obvious  to  others,  because  of  the  tendency 
to  believe  that  whatever  is,  is  right. 

Then  the  qualities  of  the  material,  and  the  laws  of  action 
under  which  one  must  operate  should  be  exhaustively  considered. 
It  should  be  considered  whether  these  laws  are  really  or  only 
apparently  inflexible.  It  should  be  carefully  considered  whether 
further  improvement  is  possible  in  the  same  direction,  and  such 
consideration  will  often  suggest  the  direction  in  which  further 
improvement  must  go,  if  a  change  of  direction  is  necessary. 
Sometimes  the  only  possible  improvement  is  in  an  opposite 
direction.  A  glance  at  the  accounts  of  how  James  Watt  in- 
vented the  condensing  steam-engine  will  show  what  a  large 
part  profound  study  of  the  old  engine  and  of  the  laws  of  steam 
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played  in  his  invention,  and  how  strongly  they  suggested  the 
directions  of  the  solutions  of  his  difficulties. 

We  now  come  to  the  constructive  part  of  inventing,  in  order 
to  illustrate  which,  I  will  seek  to  explain  how  several  inventions 
were,  or  could  have  been,  produced. 

The  way  in  which  the  first  automatic  steam  engine  was  pro- 
duced was  undoubtedly  this — and  it  shows  how  comparatively 
easily  a  really  great  invention  may  sometimes  be  made.  It 
was  the  duty  of  Humphrey  Potter,  a  boy,  to  turn  a  stop-cock 
to  let  the  steam  into  the  cylinder  and  one  to  let  in  water  to 
condense  it  at  certain  periods  of  each  stroke  of  the  engine,  and 
if  this  were  not  done  at  the  right  time,  the  engine  would  stop. 
He  noticed  that  these  movements  of  the  stop-cock  handles  took 
place  in  unison  with  the  movements  of  certain  portions  of  the 
beam  of  the  engine.  He  simply  connected  the  valve  handles 
with  the  proper  portions  of  the  beam  by  strings,  and  the  engine 
became  automatic — a  most  eventful  result. 

As  one  example  of  the  evolution  of  an  invention,  I  will  take 
an  instrument  for  measuring  and  recording  a  period  of  time, 
known  as  the  calculograph,  because  it  lends  itself  with  facility, 
to  an  explanation  from  a  platform  and  because  my  duties  as  a 
lawyer  have  necessitated  my  becoming  very  familiar  with  the 
invention,  and  have  caused  me  to  consider  how  it  was  probably 
produced. 

And  first  the  problem:  There  was  much  occasion  to  determine 
and  record  the  values  of  periods  of  elapsed  time;  such  as,  the 
length  of  time  of  a  telephone  conversation;  as  the  revenue  of 
the  telephone  companies  depended  upon  the  accuracy  of  the 
determination.  All  the  previous  methods  involved  the  record- 
ing in  hours  and  minutes  the  times  of  day  marking  the  initial 
and  the  final  limits  of  the  period  to  be  measured,  and  then  the 
subtraction  of  the  one  time  of  day  from  the  other.  This  sub- 
traction was  found  to  be  very  unreliable  as  well  as  expensive. 
The  problem  then  was  to  devise  some  way  by  which  the  value 
of  the  period  could  be  arrived  at  directly  and  without  sub- 
traction and  also  by  which  such  value  could  be  mechanically 
recorded. 

The  prior  machine  from  which  the  calculograph  was  evolved 
is  the  time-stamp,  a  printing  machine  having  a  stationary  die 
like  a  clock  dial  and  having  a  rotating  die  like  the  hand  of  the 
clock,  as  in  Fig.  1.  The  small  triangle  outside  the  dial  is  the 
hour  hand,  it  being  placed  outside  the  dial  because  it  is  necessary 
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that  the  two  hands  shall  be  at  the  level  of  the  face  of  the  dial  and 
yet  be  able  to  pass  each  other.  The  hour  hand  may  be  dis- 
regarded here,  as  the  records  needed  are  almost  never  an  hour 
long.  The  manner  of  using  the  time  stamp  to  determine  the 
value  of  an  interval  was  to  stamp  the  time  of  day  at  the  be- 
ginning of  the  period,  and  then  to  stamp  the  time  of  day  at  the 
close  of  the  period  at  another  place  on  the  paper,  as  shown 
in  Fig.  2,  and  finally  mentally  to  subtract  the  one  time  of  day 
from  the  other  to  get  the  value  of  the  period. 

The  inventor  of  the  new  machine  conceived  the  idea  that, 
if  the  time-stamp  were  provided  with  guides  or  gauges  so  that 
the  card  could  be  placed  both  times  in  the  same  position,  and 
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Fig.  1. 
Time  Stamp  Record. 

the  two  records  of  the  time  stamp  thus  be  superimposed  con- 
centrically (as  illustrated  in  Fig.  3),  the  value  of  the  period 
would  be  represented  by  the  arc  marked  off  by  the  initial  and 
final  imprints  of  the  minute  hand,  so  that,  instead  of  sub- 
tracting one  record  from  another,  he  had  only  to  find  the  value 
of  the  arc  marked  off  by  counting  the  corresponding  number 
of  minutes  along  the  dial. 

The  inventor  had  thus  gotten  rid  of  the  subtraction,  but  there 
were  several  desirable  qualities  not  yet  obtained.  First,  he 
could  not  tell  from  the  record  alone,  whether  it  was  the  longer 
or  the  shorter  arc  marked  off  that  was  the  measure  of  the  period. 
For  instance,  he  could  not  tell  whether  the  period  was  7  or 
53  minutes.    This  was  because  the  two  hand  or  pointer  im« 
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prints  were  exactly  alike  except  in  position.  So  he  conceived 
the  idea  of  making  the  pointer  imprints  different  in  appearance, 
by  providing  the  pointer  die  with  a  mark  in  line  with  the  pointer, 
as  illustrated  in  Fig.  4. 

The  mark  and  pointer  revolve  together  and  either  the  dies 
or  the  platen  are  so  arranged  that  the  mark  can  be  printed 
without  the  pointer  at  the  initial  imprint  and  the  pointer 
at  the  final  imprint  as  in  Fig.  5,  the  mark  being  printed  or 
not  at  the  final  imprint,  as  desired.  This  could  be  done  either 
by  allowing  the  pointer  die  or  the  corresponding  portion  of 
the  platen  to  remain  retracted  from  the  paper  during  the  first 
printing. 


\ 
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9:23  Fig.  2.  10:15 

Initial  Time  Stamp  Record.  Final  Time  Stamp  Record. 

Elapsed  Time:     10:15—9:23  =  52  minutes. 
To  read  this  record,    hours   and    minutes   must   be   subtracted    from 
hours  and  minutes,  an  operation  liable  to  much  error. 

It  could  thus  be  told  with  certainty  from  the  record  alone 
whether  the  longer  or  the  shorter  arc  is  the  measure  of  the 
period,  because  the  beginning  of  the  arc  is  that  indicated  by 
the  imprint  of  the  mark  without  the  pointer. 

There  was  still  something  to  be  desired.  The  counting  of 
the  minutes  along  the  measuring  arc  was  a  waste  of  time,  if 
the  value  of  the  arc  could  in  some  way  be  directly  indicated. 
If  the  hand  were  set  back  to  12  o'clock  for  the  initial  imprint, 
the  final  imprint  would  show  the  hand  pointing  directly  at 
the  minute  whose  number  on  the  dial  is  the  value  of  the  period* 
sinA  it  would  not  even  be  necessary  to  count.     But  the  setting 
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of  the  hand  back  to  zero  would  prevent  its  making  the  final 
imprint  of  any  previously  begun  record,  so  that  the  machine 
could  only  be  used  for  one  record  at  a  time.     It  was  desirable 


lA 

Fig.  3. 

Subtraction  eliminated  but  counting  still  required  and   uncertainty 

whether  elapsed  period  is  7  or  53  minutes. 

to  have  a  machine  that  would  record  any  number  of  overlapping 
intervals  at  the  same  time,  so  that  one  machine  would  record 
the  intervals  of  all  the  telephone  conversations  under  the 
control  of  a  single  operator,  or  rather  of  two  operators,  because 

Till 
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Fig.  4. 
Hand  and  zero  mark  revolving  within  stationary  dial. 

both  of  them  could  reach  the  same  machine.  So  it  wouldn't 
do  to  set  the  hand  back  to  zero,  as  the  hand  must  rotate  con- 
stantly and  uniformly.     Then  why  not  set  the  zero  up  to  the 
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hand  at  each  initial  imprint?  This  meant  making  the  dial 
rotatable,  as  well  as  the  hand.  It  gave  an  initial  record  like 
that  shown  in  Fig.  6. 

The  inventor  then  thought  of  securing  the  dial  to  the  pointer 
die  so  that  they  would  revolve  together,  the  zero  of  the  dial 
being  in  line  with  the  pointer,  as  illustrated  in  Fig.  7.  This 
would  obviate  the  necessity  of  setting  the  zero  of  the  dial  up 
to  the  pointer  at  the  initial  imprint. 

But  again  the  improvement  involved  a  difficulty.  As  the 
dial  rotated,  its  final  impressions  would  never  register  with  its 
initial  impressions  and  would  therefore  always  destroy  them. 
As  the  first  imprint  of  the  dial  was  the  only  useful  one,  and  a" 
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Fig.  5. 
Initial  imprint  of  zero  mark  alone  and  final  imprint  of  hand    (and 
zero).     Elapsed  time,  8  minutes.     No  subtraction  and  no  uncertainty 
as  to  which  imprint  first,  but  counting  still  required. 


the  second  imprint  only  made  trouble,  the  inventor  conceived 
the  idea  of  not  making  any  imprint  of  the  dial  at  the  close  of 
the  period,  and  this  he  accomplished  by  making  the  annular 
portion  of  the  platen  covering  the  dial  so  that  it  could  be  ad- 
vanced to  print  or  not  as  desired.  As  the  zero  of  the  dial 
always  marked  the  beginning  of  the  measuring  arc,  it  served 
the  same  purpose  as  tjie  mark  in  line  with  the  pointer,  and  the 
latter  could  now  be  omitted. 

The  final  machine  then  consists  simply  of  a  revolving  die 
which,  as  shown  in  Fig.  8,  consists  of  a  graduated  and  pro- 
gressively numbered  dial,  having  a  pointer  revolving  in  line 
with  the  zero,  and  the  machine  has  a  platen  consisting  of  an 
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inner  circular  portion  over  the  pointer  and  an  annular  portion 
over  the  dial,  each  portion  being  operated  by  a  separate  handle 
so  that  the  dial  can  be  printed  at  the  beginning  of  the  period 
and  the  pointer  alone,  at  its  close. 

The  final  record  has  an  initial  imprint  of  the  dial.  Fig.  9a, 
the  zero  of  the  dial  showing  the  position  of  the  pointer  at  the 
beginning  of  the  period,  and  a  final  imprint  of  the  pointer  alone, 
as  shown  in  Fig.  9b,. the  complete  final  record.  Fig.  9c,  consisting 
of  the  superimposition  of  these  two  records,  and  showing  the 
pointer  in  line  with  that  graduation  whose  number  is  the  value 
of  the  period.  Here  is  a  record  not  only  involving  no  sub- 
traction and  no  uncertainty  but  not  even,  counting  in  its  record, 
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Fig.  n. 
Dial   moved   up   to   initial   position   of  zero   mark.      Elapsed   time,   11 
minutes.      Xo  subtraction,   no  counting,   no   uncertainty;  but  only  one 
record  possible  at  a  time. 


and,  as  it  was  made  without  disturbing  the  motions  either  of  the 
pointer  or  dial,  any  number  of  records  of  other  periods  could 
have  been  begun  or  finished  while  the  machine  was  measuring 
the  period  in  question. 

Hiding  all  the  intermediate  steps  in  the  evolution  of  this 
invention,  it  seems  the  result  of  spontaneous  creation,  but 
considering  the  steps  in  their  successive  order,  it  will  be  seen 
that  the  invention  is  an  evolution  from  the  time-stamp;  that 
logic  rendered  the  ctTort  of  the  imagination  at  any  one  step 
small  by  comparison,  and  that  the  individual  steps  might  be 
well  within  the  rapacity  of  a  person  to  whom  the  spontaneous 
creation  of  the  final  invention  might  be  utterly  impossible. 
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A  most  interesting  example  of  the  evolution  of  an  invention 
is  that  of  the  cord-knotter  of  the  self-binding  har\-ester.  The 
problem  here  was  to  devise  a  mechanism  which  would  take  place 
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Fig.  7. 
Dial  with  pointer  at  zero  revolving  together. 

of  the  human  hands  in  tying  a  knot  in  a  cord  whose  ends  had 

mechanically  been  brought  together  around  a  bundle  of  grain. 

The  first  step  was  to  select  the  knot  which  could  be  tied 
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Dial  with  jKMntcr  at  zoro  revolving  tojjcthcr.   zero  mark  on  pointer 

being  replaced  by  zero  of  dial. 

by  the  simplest  motions.     The  knot  which  the  inventor  selected 
is  that  shown  in  Fig.  10,  and  is  a  form  of  bow-knot. 

The  problem  was  to  find  how  this  knot  could  be  tied  with 
the  smallest  number  of  fingers,  making  the  smallest  number 
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of  simple  movements.  As  anyone  would  ordinarily  tie  even 
this  simple  knot,  the  movements  would  be  so  numerous  and 
complex  as  to  seem  impossible  of  performance  by  mechanism. 
The  inventor,  by  study  of  his  problem,  found  that  this  knot 
could  be  tied  by  the  use  of  only  two  fingers  of  one  hand,  and 
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Fig.  9a.  Fig.  9b. 

Initial  Imprint.  Final  Imprint. 
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Fig.  9c. 
Complete  Record. 
Simple,  direct-reading  record.     No  subtraction,  no  counting,  no  uncer- 
tainty.    Any  number  of  overlapping  periods  recorded  on  one  machine. 

by  very  simple  movements.  The  knot  will  best  be  understood 
by  following  the  motions  of  these  fingers  in  tying  the  knot. 
Using  the  first  and  second  fingers  of  the  right  hand,  they  are 
first  swept  outward  and  backward  in  a  circular  path  against 
the  two  strands  of  the  cord  to  be  tied,  as  shown  in  Fig.  11. 
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The  fingers  continue  in  their  circular  motion  backward,  so 
that  the  strands  of  the  cord  are  wrapped  around  these  lingers, 
as  shown  in  Fig.  12. 

Continuing  their  circular  motion,  the  fingers  approach  the 
strands  of  the  cord  between  the  twisted  portion  and  a  part  of 
the  machine  which  holds  the  ends  of  the  cord,  and  the  hngers 
spread  apart  as  shown  in  Fig.   13.  so  that  they  can  pass  <n'er 


Fic.    10 

:tnd  grasj;  the  strands  thus  aj)j)n):ii.]u*(l,  as  shown  in  Fig.   14. 

The  fin.LJicrs  t;:rn  «hM\v  l)a<k  thri)u;^^:i  the  l(.)op  which  has  been 
fontied  alxnit  tlieni.  tlu-  {iti:^'<i's  li'^l'li:!;.',  thr  ^^rasprd  portion  of 
the  strand.^,  as  ^iiuwn   in    Iml;.    1'». 

T!]f  k'Tiot  is  linish.ed  l.y  tl.r  roni} •!(  tion  of  the  retracting 
movenunt  of  th.e  lin'j.r!'-  tiiroir/ii  tin-  loop,  tluis  forming  the  bow 
of  the  knot  as  shown  in   I-'ig.    M). 
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The  inventor  found  that  one  finger  could  have  a  purely 
rotary  movement,  as  if  it  were  fixed  on  the  arm  and  unable  to 
move  independently  of  the  arm,  and  the  movement  being  as  if 
the  arm  rotated  like  a  shaft,  but  the  second  finger  must  be 
further  capable  of  moving  toward  and  from  the  first  finger 
to  perform  the  opening  movement  of  Fig.  13,  and  the  closing 
movement  of  Fig.  14  by  which  it  grasps  the  cord.  The  in- 
ventor accordingly,  from  his  exhaustive  analysis  of  his  problem, 


Fig.  11. 


and  his  invention  or  discovery  of  the  proper  finger  motions, 
had  further  only  to  devise  the  very  simple  mechanical  device 
illustrated  in  Fig.  17  to  replace  his  fingers. 

The  index  finger  of  the  hand  is  represented  by  the  finger  5, 
which  is  integral  with  the  shaft  V.  The  second  finger  of  the 
hand  is  represented  by  the  finger  L^  which  is  pivoted  to  the 
first  finger  by  the  pin  s.  The  grasping  movement  of  the  finger 
U  is  accomplished  by  a  spring  V^  bearing  on  the  shank  U\ 
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and  its  opening  movement  is  caused  by  the  travel  of  an  anti- 
friction roll  U",  on  the  rear  end  of  the  pivoted  finger,  over  a 
cam  V,  on  the  bearing  of  the  shaft.  The  shaft  is  rotated  by 
the  turning  of  a  bevel  pinion  W  on  the  shaft  through  the  action 
of  an  intermittent  gear.  The  necessity  of  drawing  the  fingers 
backward  to  accomplish  the  movement  between  Figs.  14  and  16 
was  avoided  by  causing  the  tied  bundle  to  have  a  motion  away 


Fig.  12. 


from  the  fingers  as  it  is  expelled  from  the  machine,  the  relative 
motion  between  the  fingers  and  the  knot  being  the  same  as  if 
the  fingers  drew  back. 

Thus  the  accomplishment  of  a  seemingly  almost  impossible 
function  was  rendered  mechanically  simple  by  an  evolution 
from  the  human  hand,  after  an  exhaustive  and  ingenious 
analysis  of  the  conditions  involved. 
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It  will  be  seen  from  the  examples  I  have  given  that  the  con- 
structive part  of  inventing  consists  of  evolution,  and  it  is  the 
association  of  previously  known  elements  in  new  relations  (using 
the  term  elements  in  its  broadest  sense).  The  results  of  such 
new  association  may,  themselves,  be  treated  as  elements  of 
the  next  stage  of  development,  but  in  the  last  analysis  nothing 
is  invented  or  created  absolutely  out  of  nothing. 


Fig.  13. 


It  must  also  be  apparent,  that  pure  reason  and  method, 
wliilc  not  taking  the  place  of  the  inventive  faculty,  can  clear 
the  way  for  the  exercise  of  that  faculty  and  very  greatly  reduce 
the  demands  upon  it. 

Where  it  is  desired  to  make  a  broadly  new  invention  on 
fundamentally  different  lines  from  those  before — having  first 
studicxl  the  art  to  find  the  results  needed,  the  qualities  of 
the  material  or  other  absolutely  controlling  conditions  should 
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be  exhaustively  considered;  but  at  the  time  of  making  the 
inventive  effort,  the  details  should  be  dismissed  from  the  mind 
of  how  results  already  obtained  in  the  art  were  gotten.  One 
should  endeavor  to  conceive  how  he  would  accomplish  the 
desired  result  if  he  were  attempting  the  problem  before  any 
one  else  had  ever  solved  it.  In  other  words,  he  should  endeavor 
to  provide  himself  with  the  idea  elements  on  which  the  im- 


FiG.  14. 


agination  will  operate,  but  to  dismiss  from  his  mind  as  much 
as  possible  the  old  ways  in  which  these  elements  have  been 
associated,  and  thus  leave  his  imagination  free  to  associate 
them  in  original  and,  as  to  be  hoped,  better  relations  than  before. 
He  should  invent  all  th?  means  he  can  possibly  invent  to  accom- 
plish the  desired  result,  and  should  then,  before  experimenting, 
go  to  the  art  to  sec  whether  or  not  these  means  have  before 
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been  invented.  He  would  probably  find  that  some  of  the 
elements,  at  least,  have  been  better  worked  out  than  he  has 
worked  them  out.  Of  course,  mechanical  dictionaries,  and 
other  sources  of  mechanical  elements  and  movements  will  be 
found  useful  in  arriving  at  means  for  accomplishing  ct-rtain  of 
the  motions,  if  the  invention  be  a  machine.  Many  inn^ortant 
inventions  have  been  made  by  persons  whos(»  (jccupation  is 


Fig.  15. 


wholly  disconni'itcd  witli  tlu*  art  in  wliiili  lliry  arc  invenlini:. 
because  tlu'ir  minds  were  not  prejudieed  l»y  what  had  already 
been  done.  While  .such  an  I'lTort  is  likely  to  possess  more  orig- 
inality lliaii  that  on  the  part  of  a  person  in  tlie  art,  there  is,  of 
course,  less  })robal)ility  of  its  being  tliorouijhly  ])raetieal.  The 
mind  well  st(;n'd  with  the  old  ways  of  solving  the  proMein  will. 
{){  etjurse,  ])e  less  likely  to  n'})eat  any  of  the  inislakes  of  the 
earlier  inventors,  but  it  will  also  not  be  as  apt  to  strike  out  on 
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distinctly  original  lines.  It  is  so  full,  already,  of  the  old  forms 
of  association  of  the  elements  as  to  be  less  likely  to  think  of 
associating  ihem  in  broadly  new  relations. 

Nothing  should  be  considered  impossible  until  it  has  been  con- 
clusively worked  out  or  tried  by  experiments  which  leave  no 
room  for  dmibt.  It  is  no  sufficient  reason  for  believing  a  thing 
won't  work  because  immemorial  tradition,  or  those  skilled  i  ■ 


ru).  iji, 


thr  arl.  say  it  will  n«)t  \vi>rk.  Many  an  iinjinrtanl  iinjjrovement 
has  l.ri'ii  t(jiulcmiU'd  as  iniprattiiabli'.  I.y  those-  in  the  art. 
b«"lon-  it   lias  bi-cii    trir(l. 

A  coiicc])!!')!!  whi.  !i  an  invcntur  has  bron  strivin<,'  for  un- 
sucffssfully  will  Sdniftinirs  lonir  t..  hiin  at  a  tirnr  nf  unaccus- 
tomi'tl  mental  stimulation.  Tiu-  sli-jlit  stitnulation  of  tlu- 
movement  uf  a   ti\iin   ^A    rars.   an.l   the   smui.!   ul"   music,   have 
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been  known  to  produce  this  effect.  The  sub-conscious  mind, 
after  having  been  prepared  by  a  full  consideration  of  the  problem 
to  be  solved,  will  sometimes  solve  the  problem  without  con' 
scious  effort,  on  the  part  of  the  inventor. 


Fig.  17. 
The  essential   parts  of  the  cord-knotter. 


In  invontin^^  a  machine  to  operate  upon  any  given  material, 
the  logical  way  is  to  work  from  the  tool  to  the  power.  The 
tool  or  tools  should  first  be  invented,  and  the  motions  determined 
which  are  to  be  given  to  them.     The  proper  gearing  or  parts 
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to  produce  from  the  power  each  motion  for  each  tool  should 
then  be  invented.  It  should  then  be  considered  if  parts  of 
each  train  of  gearing  cannot  be  combined,  so  as  to  make  one 
part  do  the  work  of  a  part  in  each  train;  in  short,  to  reduce 
the  machine  to  its  lowest  terms.  Occasionally  a  mechanism 
will  be  invented  which  is  exceedingly  ingenious,  but  which  it 
is  afterwards  seen  how  to  simplify,  greatly  at  the  expense  of 
its  apparent  ingenuity.  This  simplification  will  be  at  the  sacri- 
fice of  the  pride  of  the  inventor,  but  such  considerations  as  cheap- 
ness, durabihty  and  certainty  of  action  leave  no  choice  in  the 
matter.  It  will  sometimes  be  found  that  a  single  part  can  be 
made  to  actuate  several  parts,  by  the  interposition  of  elements 
which  reverse  the  motion  taken  from  such  part,  or  which  take 
only  a  component  of  the  motion  of  such  part,  or  the  resultant 
of  the  motion  of  such  part  and  some  other  part.  Where  a 
machine  involves  the  conjoint  action  of  several  forces,  it  can 
be  more  thoroughly  studied,  if  it  is  found  there  are  positions 
of  the  machine  in  which  one  force  or  motion  only  is  in  operation, 
the  effect  of  the  others  in  such  position  being  eliminated,  and 
thus  the  elements  making  up  the  resultant  effect  can  be  in- 
telligently controlled. 

The  drawing  board  can  be  made  a  great  source  of  economy 
in  producing  inventions.  If  the  three  principal  views  of  all 
the  essentially  different  positions  of  the  parts  of  a  machine  are 
drawn,  it  will  often  be  found  that  defects  will  be  brought  to 
light  which  would  not  otherwise  have  been  observed  until 
the  machine  was  put  into  the  metal. 

It  is  desirable  to  see  the  whole  invention  clearly  in  the  mind 
before  beginning  to  draw,  but  if  that  cannot  be  done,  it  is 
often  of  great  assistance  to  draw  what  can  be  seen,  and  the 
clearer  perception  given  by  the  study  of  the  parts  already  drawn, 
assists  the  mind  in  the  conception  of  the  remaining  parts. 

If  the  improvement  which  it  is  sought  to  make  is  a  process, 
it  should  first  be  considered  whether  any  radically  different 
process  can  be  conceived  of,  and  if  so,  whether  or  not  it  is  better 
than  the  old  process,  and  the  reason  for  its  defects,  and  whether 
it  is  possible  to  cure  those  defects.  If  the  old  process  appears 
to  be  in  the  right  general  direction,  it  should  be  considered 
whether  one  of  the  old  steps  cannot  with  advantage  be  replaced 
by  a  new  one,  or  whether  the  order  of  performing  the  steps  cannot 
be  changed  to  atlvantage.  I  have  in  mind  one  process  in  which 
a  reversal  of  the  order  of  steps  resulted  in  giving  the  product 
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certain  desirable  qualities  which  had  before  been  sought  for, 
but  could  not  be  obtained. 

It  is  sometimes  desirable  not  only  to  invent  a  good  process 
of  producing  a  product,  but  to  control  all  feasible  processes 
of  producing  the  product.  Such  a  case  occurred  where  the  pro- 
duct itself  had  been  patented,  and  it  was  desirable  to  extend 
the  monopoly  beyond  the  time  when  the  patent  on  the  product 
should  expire.  There  were  two  steps  or  operations  which  were 
essential  to  the  production  of  the  product,  and  the  inventor, 
by  reference  to  permutations,  saw  that  there  were  but  three 
orders  in  which  those  steps  could  be  performed ;  first,  the  order 
A-B,  then  the  order  B-A,  and  then  both  steps  together.  The 
order  A-B  was  the  old  order,  which  did  not  produce  an  article 
having  the  desired  qualities.  The  inventor  therefore,  pro- 
ceeded to  invent  ways  by  which  the  steps  could  be  performed 
together,  and  then  by  which  they  could  be  performed  in  the 
reverse  order,  and  the  patenting  such  two  processes  would  cover 
generically  all  possible  ways  of  making  the  article  and  secure 
the  desired  result  of  putting  himself  in  position  to  control  the 
monopoly  after  the  patent  on  the  article  had  expired,  because 
no  one  could  make  the  article  without  using  one  of  his  two 
processes. 

In  inventing  compositions  of  matter  there  is  one  inventor 
who,  if  he  is  seeking  for  a  certain  result,  will  take  a  chemical 
dictionary  and  make  every  possible  combination  of  every  sub- 
stance that  could  by  any  possibility  be  an  ingredient  of  that 
which  he  desires  to  produce.  It  is  as  if  he  were  seeking  to 
locate  a  vein  of  mineral  in  a  given  territory,  and,  instead  of 
observing  the  geographical  and  geological  formation,  and  thus 
seeking  to  arrive  at  the  most  probable  location  of  the  vein,  he 
should  dig  up  every  foot  of  earth  throughout  the  whole  terri- 
tory, in  order  finally  to  locate  the  vein.  This  method  is  ex- 
ceedingly exhaustive,  but  does  not  appeal  to  one  as  involving 
much  exercise  of  the  inventive  faculties. 

Inventing  has  become  so  much  of  a  science,  that  if  one  is 
willing  to  spend  sufficient  time  and  money  to  enable  a  com- 
petent corps  of  inventors  to  go  at  the  matter  exhaustively, 
almost  any  possible  invention  involving  but  a  reasonable 
advance  in  the  art  can  be  perfected. 


542 


THE  ART  OF  INVENTING.  [May  30 


Discussion  on  **The  Art  of  Inventing,"  at  Milwaukee,  Wis., 

May  30.  1906. 

C.  P.  Steinmetz:  I  do  not  quite  agree  with  the  author  of  this 
paper,  or  rather,  I  do  not  beUeve  that  there  is  such  a  thing  as 
an  art  of  inventing.  I  consider  inventing  as  a  part  of  the  regular 
work  of  the  engineer.  The  engineer  has  before  him  a  problem 
to  solve,  whether  it  be  a  problem  of  design,  installation,  or  oper- 
ation. He  has  at  his  disposition  a  vast  amount  of  experience, 
his  own  and  others,  and  if  he  is  successful  he  solves  the  problem 
in  a  number  of  successive  steps.  Some  of  these  steps  are  old, 
and  have  been  taken  by  others  under  similar  conditions.  One, 
or  several,  may  be  new,  have  never  been  taken  by  anybody 
before;  that  is,  are  invention,  and  as  such  are  covered  by  patent. 
These  new  steps  may  not  necessarily  be  the  most  important,  the 
most  difficult  or  ingenious  ones,  but  they  are  new  and  as  such 
are  invention.  But  without  being  put  in  the  position  where  the 
problem  calls  for  just  such  a  step,  without  having  at  his  dispo- 
sition the  vast  amount  of  preceding  experience,  the  engineer 
would  never  have  made  that  invention — perhaps  he  may  havq 
invented  something  else. 

For  the  engineer,  originality  is  essential  to  enable  him  sue, 
cessfuUy  to  solve  problems  or  parts  of  problems  by  new  ways,  oi 
ways  partly  new.  But  this  part  of  an  engineer's  work  is  so 
inextricably  joined  with  the  rest  of  his  work,  that  I  see  no  reason 
to  separate  it  as  a  special  art  called  the  art  of  inventing.  Intel- 
lectually, it  is  neither  higher  nor  lower  than  the  rest  of  an  engi- 
neer's work:  the  application  of  known  facts  and  selection  of 
appropriate  known  methods  to  the  solution  of  a  problem. 
Indeed,  frequently  the  engineer  finds  a  new  way,  and  considers 
it  inventing,  though  investigation  afterwards  shows  that  he 
is  not  the  first,  but  that  somebody  else  before  him  has  made  the 
invention,  and  he  merely  re-invented  it.  Nobody  can  Imow 
everything.  So,  in  many  cases,  inventing  is  merely  the  inci- 
dental feature  that  that  particular  engineering  step  has  not  been 
taken  by  any  one  else  in  exactly  the  same  manner ;  and  similarly, 
other  steps,  though  they  may  be  more  difficult,  more  creditable 
to  the  engineer,  yet  they  are  not  invention. 

As  to  the  question  of  giving  the  credit  to  the  inventor — I  speak 
not  of  those  broad  and  radical  inventions,  which  are  rare  and  far 
between,  but  of  by  far  the  largest  number  of  patents — it  must  be 
considered  that  in  most  cases  the  problem  was  put  before  the 
inventor  by  some  one  else,  or  as  part  of  his  professional  work; 
it  was  solved  by  the  use  of  a  vast  amount  of  experience  gathered 
by  others,  without  which  he  could  not  proceed  a  single  step,  and 
very  frequently  that  step  which  constitutes  invention  would 
be  of  no  value  whatever,  except  in  connection  with  the  rest  of 
the  work,  and  even  then  a  great  amount  of  development  work 
may  be  needed  to  reduce  the  invention  to  practical  value.  That 
is,  the  new  idea,  while  it  is  an  invention,  requires  a  great  deal 
more,  before  it  is  of  conunercial  utility,  and  to  claim  for  the 
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inventor  all  the  credit  for  the  advance  in  the  art  resulting  from 
the  invention,  is  as  unjust  as  it  would  be  not  to  give  any  credit 
for  inventive  originality. 

I  repeat,  most  inventions  are  engineering  steps,  part  of  the 
re^ilar  work  of  the  successful  engineer,  who  must  possess  not 
only  the  knowledge  to  use  old  ways  and  methods,  but  also  the 
originality  to  find  new  ways  when  required  to  solve  the  problem 
before  him. 

There  are  but  few  pioneer  inventions.  It  occasionally  hap- 
pens that  inventions  are  made  which  open  up  an  entirely  new 
field,  establish  a  new  industry,  as  the  invention  of  the  incandes- 
cent lamp,  of  the  wireless  telegraph,  of  the  polyphase  system. 
And  frequently  it  is  difficult  to  state  the  exact  feature  of  which 
the  invention  consists,  especially  when  after  the  lapse  of  years 
the  inventor's  work  has  become  commonplace  to  the  world. 
Take  for  instance  the  case  of  the  Edison  incandescent  lamp. 
This  is  one  of  the  most  useful,  important,  and  radical  inventions. 
It  perhaps  can  be  said  to  be  the  foundation  of  the  electrical 
engineering  industry .  Before  that,  electrical  engineering  was  only 
the  art  of  telegraphy;  after  that  electric  power  became  a 
quantity  to  consider.  But  before  Edison  people  had  run  fila- 
ments in  a  vacuum.  Carbon  filaments  had  been  proposed. 
The  high-resistance-feature  of  the  filament  is  difficult  to  consider 
as  an  essential  distinction,  since  it  is  merely  a  quantitative  dif- 
ference: as  long  as  the  source  of  electric  power  was  a  primary 
battery  of  low  voltage,  a  high-resistance  filament  would  have 
been  decidedly  disadvantageous — low  resistance  wanted.  With 
the  source  of  power  of  high  voltage  high  resistance  was  wanted; 
that  was  self-evident,  especially  after  Edison  had  done  it.  To 
lead  the  current  into  a  bulb,  platinum  wires  had  probably  been 
used  before  Edison.  So  you  may  ask:  What  is  meant  by  the 
invention  of  the  incandescent  lamp?  That  is  a  question  for 
lawyers  to  discuss;  and  since  the  patents  have  expired,  the 
details  are  of  no  further  interest.  But  before  Edison,  incan- 
descent lighting  did  not  exist.  As  the  result  of  Edison's  work 
on  the  incandescent  lamp,  an  industry  of  vast  importance  has 
been  created,  and  a  revolution  brought  about  in  the  methods 
of  illumination.  The  importance  of  the  problem  was  realized 
before  Edison.  But  whatever  may  be  the  details  of  the  work, 
nobody  did  it  before,  and  to  the  one  who  made  the  incandescent 
lamp  what  it  is  to-day.  the  historian  gives  the  credit. 

Again  we  see  the  same  thing  in  the  matter  of  polyphase  trans- 
mission. Polyphase  currents  had  been  used  before  Tesla; 
investigations  had  been  made  by  Ferraris.  Motion  had  been 
transmitted  synchronously,  by  polyphase  currents,  many  years 
before  Tesla.  All  the  engineering  world  was  striving  for  an 
alternating-current  motor;  and  still  all  the  world  waited  until 
Tesla  showed  how  by  polyphase  currents  pcnver  could  be  trans- 
mitted and  distributed,  not  merely  a  laboratory  toy  set  in  rota- 
tion, but  power  transmitted  over  distances  to  do  the  world's  work. 
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It  is  characteristic  of  most  pioneer  inventions  that  at  first 
people  do  not  believe  that  it  has  been  done ;  do  not  believe  it  can 
be  done;  pay  no  attention  to  it;  laugh  at  it.  Next,  a  host  of 
claimants  crop  up,  all  of  whom  have  solved  the  problem,  made 
the  invention  lon^  ago,  and  they  claim  the  credit — only  nobody 
knew  of  their  work  until  the  inventor  showed  the  way.  Next, 
people  claim  that  the  things  is  as  old  as  the  hills,  is  no  invention  at 
all ;  it  was  long  known  before  the  inventor  used  it,  but  somehow 
nobody  had  used  it  before.  Ultimately,  history  records  that  the 
art  did  not  exist  before,  that  the  work  of  the  inventor  brought 
it  into  existence,  and  that  to  him  belongs  the  credit.  Usually 
he  gets  the  credit  long  after  his  death. 

This  applies  to  men  that  produce  radical  inventions.  The 
reverse  of  this  is  the  professional  inventor,  the  man  who  hunts 
around  to  pick  up  and  combine  ideas  created  by  others,  whether 
useful  or  not,  merely  for  luck,  because  sometime  something 
similar  may  be  made  useful  by  the  inventions  of  others.  Him 
I  consider  as  just  a  step  above  the  professional  promoter.  But 
between  the  two,  the  pioneer  and  the  freebooter,  stands  the  vast 
majority  of  legitimate  engineering  inventions,  representing  steps 
in  useful  engineering  work  done  for  useful  purposes. 

President  Wheeler:  I  quite  agree  with  what  Dr.  Steinmetz 
has  said,  and  at  the  risk  of  making  an  anticlimax  I  will  go  back 
for  a  moment  to  the  subject  of  the  paper,  because  I  want  to 
mention  another  example  of  a  much  needed  invention.  The 
author  of  the  paper  says  that  the  first  requisite  is  to  select  a 
problem.  In  nearly  all  work  and  all  businesses  a  great  deal 
of  time  is  spent  in  multiplying  a  unit  price  by  a  quantity,  and 
writing  the  result  on  a  ticket,  cither  a  time  ticket,  a  material 
ticket,  or  a  cash  ticket.  I  think  it  is  hardly  realized  how 
much  routine  labor  is  spent  in  writing  these  tickets,  and, 
as  a  bookkeeper  would  say,  in  making  the  dxtensions.  In  these 
days  when  adding  machines  and  multiplying  machines  are 
coming  into  use,  the  tendency  to  use  mechanical  devices  in  all 
bookkeeping   operations   is    getting   stronger   all    the    time. 

I  wanted  a  machine  to  do  the  operations  I  have  just  referred  to, 
and  I  asked  the  people  who  make  the  calculating  machines 
to  make  one  for  me,  but  they  were  not  able  to  do  so.  I  call  it 
a  multiplying  printer.  It  might  consist  of  three  dials,  or  equiv- 
alents— if  you  set  one  at  13  cents  and  the  other  at  109  lb.,  the 
third  dial  would  tell  how  much  this  comes  to.  If  you  put  a 
regular  form  of  ticket  under  it  and  strike  it,  it  will  print  the 
product,  and  also  print  the  unit  price  and  the  number  of  pounds. 
The  object  of  printinj^^  all  three  is  so  that  you  may  go  back  and 
see  where  the  mistike  was  when  some  one  makes  out  a  ticket 
wrong.  That  sounds  quite  simple,  and  yet  nobody  has  turned 
out  such  a  device.  I  tlioui;ht  I  would  invent  one  to  order, 
three  or  four  years  a<^o.  I  consulted  a  mechanical  expert  and 
asked  him  to  get  it  up  for  me.  After  a  few  days  he  called  on 
me  and  laid  on  my  desk  what  he  called  the  literature  of  the 
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subject — a  bundle  containing  about  500  patents  of  similar 
devices,  and  told  me  he  would  be  glad  to  get  up  the  machine 
at  $50  per  day,  but  could  not  tell  how  many  months  it  would 
take. 

Edwin  J.  Prindle:  Mr.  Steinmetz's  report  of  his  remarks  at 
the  convention,  concerning  my  paper  on  the  "  Art  of  Inventing  " 
has  been  modified  so  that  my  oral  reply  to  it  does  not  appear 
to  have  complete  connection  with  the  matter,  but  as  those  who 
were  present  at  the  convention  and  who  remember  the  matter 
will  retain  the  impression  of  his  remarks  as  they  were  actually 
delivered,  I  desire  to  make  the  following  more  complete  reply 
to  Mr.  Steinmetz's  remarks. 

Mr.  Steinmetz'  position  was  that  inventing  is  a  mere  incident 
of  engineering,  and  that  inventing,  considered  by  itself,  is  one 
of  the  forms  of  activity  which  is  least  worthy  of  respect.  The 
engineer  is  doing  engineering  per  se  when  he  is  designing  struc- 
tures and  apparatuses  for  new  situations  and  conditions  without 
changing  their  principles.  When,  however,  he  is  introducing 
new  principles  of  operation,  he  is  inventing,  as  distinguished 
from  practicing  engineering  proper.  Mr.  Steinmetz  seems  to 
think  that  it  is  the  same  grade  of  work  to  select  from  among  known 
apparatuses  that  apparatus  best  suited  for  a  given  condition, 
and  to  determine  its  size  and  proportion  by  the  use  of  mathe- 
matics and  engineering  rules  already  in  existence,  than  it  is  to 
invent  an  apparatus  working  upon  a  new  principle  and  doing 
work  at  perhaps  a  greater  economy  than  any  apparatus  pre- 
viously invented  or  serving  a  purpose  which  no  apparatus 
previously  known  can  serve.  To  state  Mr.  Steinmetz'  position, 
seems  almost  to  answer  it. 

Sir  Francis  Bacon  considered  inventing  as  one  of  the  highest 
forms  of  effort.     He  said: 

The  introduction  of  great  inventions  appears  one  of  the  most  distin- 
guished of  human  actions,  and  the  ancients  so  considered  it;  for  they  as- 
signed divine  honors  to  the  authors  of  inventions,  but  only  heroic  honors 
tdithose  who  displayed  civilnnerit ;  such  as  the  founders  of  cities  and  empires, 
legislators,  the  deliverers  of  their  country  from  lasting  misfortunes,  the 
quellers  of  tyrants,  and  the  like.  And  if  anyone  rightly  compare  them, 
he  will  find  the  judgment  of  antiquity  to  be  correct;  for  the  benefits 
derived  from  inventions  may  extend  to  xaankind  in  general,  but  civil 
benefits  to  particular  lands  alone;  the  latter,  moreover,  last  but  for  a 
time,  the  former  forever.  Civil  reformation  seldom  is  carried  on  without 
violence  and  confusion,  while  inventions  are  a  blessing  and  a  benefit 
without  injuring  or  afflicting  any. — Novum  Organum,  Book  1,  Section 
CXXIX. 

To  take  the  view  of  a  man  of  to-day.  Judge  Grosscup,  a  dis- 
tinguished Federal  Judge  in  Chicago,  has  said; 

Inventive  genius  has  given  to  mankind  most  of  its  present  material 
civilization.  The  magnificent  flower  of  civilization,  everywhere  surround- 
ing us,  has  opened  from  germs  that  were  fructified  from  the  brains  of 
inventors. 

The  founders  of  the  Constitution  of  the  United  States  thought 
inventing   so   important   that  they  introduced  a  provision  into 
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the  Constitution  for  the  enactment  of  laws  for  the  protection 
of  inventions. 

George  Washington  was  sufficiently  interested  in  the  stimula- 
tion of  invention  to  urge  in  his  first  annual  message  to  Congress 
the  expediency  of  giving  effectual  encouragement  to  the  intro* 
duction  of  new  and  useful  inventions.  In  fact  he  took  the  trouble 
to  sign  the  first  patent  ever  issued  by  the  United  States,  and 
other  subsequent  patents. 

Photographs  of  a  patent  signed  by  George  Washington  will 
be  found  in  an  article  by  the  writer  in  the  Scientific  American, 
May  13,  1899,  page  300  Not  only  was  the  patent  signed  by 
George  Washington,  but  it  was  signed  by  the  Secretary  of  State, 
and  the  Attorney  General  of  the  United  States. 

The  inventor  is  one  of  the  greatest  benefactors  of  mankind, 
and  there  is  eminent  authority  for.  belief  that,  as  a  class,  the 
benefit  which  inventors  confer  upon  humanity  is  a  powerful  in- 
centive to  the  production  of  inventions,  as  well  as  the  profit 
that  may  come  to  them.  Senator  O.  H.  Piatt  of  Connecticut, 
in  an  address  delivered  before  the  Patent  Centennial  Celebra- 
tion, 1891,  said: 

I  deny,  however,  that  the  hope  of  pecuniary  gain  is  the  only  motive 
of  invention,  or  indeed  the  most  powerful  motive.  Two  others,  at  least, 
are  more  potent:  The  insatiable  desire  to  man  to  see  the  invisible,  to 
touch  the  intangible,  to  know  the  unknown,  to  conquer  the  unconquered,  is 
one;  to  benefit  the  human  race  is  the  other.  The  prospect  of  money 
reward  alone  would  never  absorb  and  concentrate  and  intensify  the 
faculties  of  the  inventor.  ♦  *  ♦  If  they  can  but  discover  the  germs  of 
new  inventions  which  are  to  cheapen  production,  which  are  to  minister 
to  the  present  and  prosi>ective  wants  of  mankind,  they  will  be  satisfied 
with  their  life-work  and  feel  that  they  are  entitled  to  a  place  among  the 
world's  great  doers,  though  others  shall  enter  in  and  reap  more  abund- 
antly the  money  reward.  There  never  yet  was  a  true  invention  from 
which  the  public  did  not  reap  infinitely  greater  pecuniary  reward  than 
the  inventor.  However  elfish  his  purpose  may  be,  it  is  an  inevitable 
law  of  invention  that  it  holds  greater  benefits  in  store  for  the  masses  than 
for  the  inventor. 

Every  physical  contrivance  that  is  substantially  different  from 
things  previously  known,  is  the  result  of  invention.  The 
comfort  in  which  we  live,  the  ease  with  which  we  communicate 
with  each  other,  the  labor-saving  devices  which  make  it  possible 
to  maintain  physical  life  without  ceaseless  effort — these  are  the  re- 
sult of  invention,  and  they  give  the  opportunties  necessary  for  the 
building  up  of  our  present  civilization,  so  that  fundamentally 
inventing  is  the  most  important  of  industrial  activities.  Invent- 
ing creates  that  which  did  not  exist  before,  and  does  not  consist 
in  merely  repeating  actions  which  others  have  shown  how  to 
perform  or  in  participating  in  the  activities  of  others  as  a  mere 
agent  or  assistant,  and,  therefore,  inventing  is,  as  is  almost 
imiversally  recognized,  one  of  the  forms  of  activity  worthy  of  the 
highest  respect. 

That  which  is  easy  for  us  to  do,  we  are  apt  to  hold  in  light 
regard.  When  we  thoroughly  understand  a  difficult  subject 
so  that  it  holds  no  mystery  for  us,  it  is  apt  to  suffer  in  our  esti- 
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mation.  It  reqtiires  an  effort  to  withdraw  one's  self  to  a  suflS- 
ciently  distant  point  of  perspective  to  restore  a  true  estimate 
It  is  probably  for  this  reason  that  Mr.  Steinmetz  so  lightly 
regards  the  dignity  of  inventing.  Inventing  comes  so  easy  to 
him,  that  he  forgets  its  tremendous  importance,  and  it  seems  to 
him  but  a  mere  incident  in  his  engineering.  Because  of  the 
facility  with  which  he  invents,  he  is  probably  one  of  those  least 
qualified  properly  to  estimate  the  dignity  of  inventing. 
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SHUNT-  AND  COMPOUND- WOUND  SYNCHRONOUS  CON- 
VERTERS FOR  RAILWAY    WORK. 


BY  W.  L.  WATERS. 


The  question  of  shunt-  or  compound-wound  excitation  for  syn- 
chronous converters  has  been  discussed  so  much  that  it  is  of 
interest  to  compare  the  relative  merits  of  the  two.  As  the 
shunt  winding  is  obviously  the  simplest  and  cheapest  and  most 
convenient  way  of  exciting  a  synchronous  converter,  it  would 
be  well  to  begin  by  considering  why  a  compound  winding  is 
ever  used. 

In  a  direct-current  circuit  it  is  often  an  advantage  to  have 
a  system  which  is  to  a  great  extent  self-regulating  as  regards 
voltage.  This  is  especially  the  case  where  the  load  changes 
frequently,  and  in  such  cases  a  compound- wound  generator  is 
used.  A  series  winding  on  the  generator  field-coils  tends 
to  make  the  voltage  at  the  generator  terminals  rise  as  the  load 
comes  on  the  machine.  This  rising  tendency  is  used  to  coun- 
teract the  increasing  voltage  drop  in  the  feeders  and  mains  due 
to  increasing  load.  By  changing  the  series  winding  on  the 
generator  the  rising  tendency  of  the  terminal  voltage  can  be 
varied  to  almost  any  extent. 

In  a  synchronous  converter  the  ratio  of  the  voltages  at  the 
terminals  of  the  two  sides  of  the  machine  is  approximately 
constant,  and  independent  of  the  load  on  the  machines  or  the 
magnitude  of  the  excitation;  that  is,  when  transforming  from 
alternating  current  to  direct  current,  the  direct-current  ter- 
minal voltage  bears  an  almost  constant  ratio  to  the  alternating- 
current  terminal  voltage  under  all  conditions.  So  the  only 
way  of  varying  the  direct-current  terminal  voltage  is  to  vary 
the  altemating-currert    voltage  «;upplied  to  the  machine.     If 
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the  direct-current  voltage  is  to  rise  as  the  load  comes  on  the 
machine,  then  the  alternating-current  voltage  which  is  supplied 
to  the  machine  must  be  made  to  vary  in  the  same  way.  As- 
suming that  approximately  constant  voltage  is  supplied  at 
the  generator  end  of  the  alternating-current  feeders,  and  that 
the  circuit  between  the  generator  and  the  synchronous  con- 
verters contains  sufficient  inductance,  then  the  voltage  at  the 
synchronous-converter  end  of  the  alternating-current  line  can 
be  raised  or  lowered  by  introducing  a  leading  or  a  lagging 
current  into  the  system.  A  leading  or  a  lagging  current  can  be 
introduced  into  the  system  by  over-  or  underexciting  the  con- 
verter. So  by  putting  a  series  winding  on  the  magnets  of  the 
converter  the  excitation  of  the  machines  will  be  increased  as 
the  load  comes  on,  and  a  leading  current  approximately  pro- 
portional to  the  load  introduced  in  the  alternating-current 
system.  This  will  tend  to  raise  the  alternating-current  voltage 
supplied  to  the  converter  and,  in  consequence,  the  terminal 
voltage  at  the  direct-current  side.  By  means  of  this  system,  a 
sjmchronous  converter  can  be  compounded  in  a  manner  similar 
to  that  employed  for  compounding  a  direct-current  generator. 
The  voltage  at  the  direct-current  terminals  can  be  made  to  in- 
crease as  the  load  comes  on. 

Here  then  is  a  system  that  gives  automatic  control  of  the 
voltage  as  the  load  varies.  Such  a  system  is  obviously  ex- 
tremely useful  and  convenient.  Unfortunately,  this  system 
presents  a  number  of  disadvantages  in  practice:  a  series  winding 
is  needed  on  the  converter  magnets,  artificial  reactance  coils 
are  practically  always  needed  to  insert  in  the  alternating-cur- 
rent line  so  as  to  bring  its  reactance  up  to  the  required  value, 
and  there  is  need  for  extra  switchboard  arrangements.  This 
means  increased  complication  and  cost,  and  a  loss  of  efficiency. 
A  compound-wound  converter  costs  about  7  or  8%  more  than 
a  shunt-wound  converter.  Reactance-coils  usually  cost  about 
5%  of  the  cost  of  the  converter.  The  efficiency  of  the  system 
is  lowered  probably  1  to  2%.  And  in  addition  the  system  is 
more  complicated,  and  in  consequence  more  liable  to  break 
down.  There  is  also  liable  to  be  trouble  in  operating  the  sys- 
tem. A  series  field  winding  on  a  synchronous  converter  is 
always  a  source  of  danger  on  account  of  the  liability  of  its  re- 
versing. When  starting  a  converter,  the  scries  fields  can  be 
short-circuited  and  the  danger  at  tliat  time  avoided;  but  if 
the  attendant  forgets  the  short-circuiting  switch  at  any  time, 
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there  is  liable  to  be  trouble.  And  if  at  any  time  when  the 
series  coils  are  in  use  the  alternating-current  supply  fails  or  is 
cut  out,  and  the  machine  is  left  connected  to  the  direct-current 
circuit,  the  series  coils  will  reverse  and  the  converter  is  likely 
to  run  away,  especially  if  the  direct-current  voltage  is  varying. 
A  speed-limit  device  should  take  care  of  this,  but  as  automatic 
devices  usually  go  wrong  when  they  are  most  needed,  so  the 
fact  must  be  accepted  that  a  series  winding  introduces  a  pos- 
sible source  of  serious  trouble  in  any  synchronous  converter 
system. 

The  automatic  compounding  obtained  by  a  series  winding 
and  reactance-coils  is  not  so  satisfactory  as  would  be  expected. 
It  is  natural  to  expect  that  the  most  useful  application  of  this 
system  would  be  to  over-compound  converters  in  a  small  sub- 
station ^  to  compensate  for  a  largfe  feeder-drop  in  case  where 
the  load  fluctuates  violently.  The  results  in  such  a  case  are, 
however,  not  always  satisfactory. 

To  over-compound  a  converter  and  to  change  the  voltage 
at  the  direct-current  side  means  that  the  magnetic  flux  i?n  the 
field  magnets  of  the  converter  must  change;  as  solid-steel  field 
magnets  are  always  used  in  converters  the  magnetism  cannot 
change  quickly,  there  is  therefore  often  a  considerable  time-lag 
before  the  voltage  changes  to  correspond  with  the  change  in 
load.  The  result  of  this  is  that  when  the  load  is  varying  quickly 
the  voltmeter  needle  is  kept  wandering  aimlessly  about  the 
scale,  indicating  anywhere  from,  say,  500  to  650  volts,  the 
voltage  apparently  not  having  any  relation  to  the  load  on  the 
machine.  However  when  the  converter  is  flat-compounded 
instead  of  over-  or  under-compounded  the  result  is  more  satis- 
factory, as  the  natural  tendency  of  the  solid  poles  is  to  hold 
the  magnetism  and  voltage  constant. 

Usually,  however,  small  sub-stations  are  supplied  from  com- 
paratively small  power  stations;  and  with  a  varying  load  on 
the  converters  one  of  the  main  effects  noticed  in  the  sub-station 
is  the  fluctuation  of  the  speed  of  the  engines,  and  consequently 
the  speed  of  t]:e  converters  and  the  alternating-current  voltage. 
The  effect  of  this  variation  in  speed  often  completely  masks  all 
the  results  of  the  compound  winding. 

In  addition,  this  method  of  compounding  is  often  a  nuisance. 
There  must  bo  careful  adjustment  of  the  series  winding  and 
of  the  reactance-coils  at  the  sub-stations  before  getting  the 
desired  effect.     Then  if  the  converters  are  changed  to  another 
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Station,  or  if  the  line  conditions  are  changed,  the  adjustment 
has  to  be  made  again.  If  other  compound-woimd  converters 
are  installed  in  the  same  sub-station,  there  is  trouble  to  adjust 
them  so  that  they  divide  the  load  properly  at  all  loads.  Equal- 
izer connections  are  used,  but  the  results  are  rarely  altogether 
satisfactory.  The  different  characteristics  of  the  converters, 
and  the  variation  in  the  brush-contact  resistance,  and  the  tem- 
perature of  the  machines — all  tend  to  upset  the  adjustment. 
If  shtmt-woimd  converters  are  not  dividing  the  load  properly, 
varying  the  field  rheostat  will  quickly  adjust  the  load.  And 
in  any  case  shunt-wound  converters,  just  like  shimt-wound 
generators,  have  a  much  greater  natural  tendency  to  divide  the 
load  properly  than  have  compound-wound  machines.  With 
this  automatic  compounding,  the  power-factor  of  the  con- 
verter system  varies,  and  often  varies  widely,  with  the  load. 
The  power-factor  cannot  be  interfered  with  without  upsetting 
the  complete  system  of  regulation.  A  shunt-wound  converter 
tends  to  keep  the  power-factor  the  same  at  all  loads.  In  any 
case  the  power-factor  can  be  adjusted  by  means  of  the  field 
rheostat,  without  in  any  way  upsetting  the  regulation. 

The  result  of  all  the  complication  and  disadvantages  of  a 
compound-wound  converter  with  reactance-coils,  is  that  often 
after  the  system  has  been  in  operation  for  some  time  the  series 
magnet-coils  and  the  reactance-coils  arc  cut  out  and  the  con- 
verter is  run  as  a  straight  shunt  machine.  The  machine  is 
then  more  in  the  control  of  the  operator  and  is  less  liable  to 
give  trouble. 

Probably  the  best  system  for  general  work  is  to  have  shunt- 
wound  converters,  standard  transformers,  and  no  reactance- 
coils.  Somewhat  over-excite  the  converter  so  as  to  keep  the 
power-factor  a  leading  one  at  all  times,  and  then  leave  the 
machines  to  '.ake  care  of  themselves,  only  adjusting  the  ex- 
citation in  case  they  fail  to  divide  the  load  properly. 

In  the  case  of  a  large  station  the  feeder  drop  is  small  and 
the  fluctuations  in  load  are  unimportant,  so  that  the  voltage 
keeps  fairly  constant  at  all  times.  The  only  work,  then,  for 
the  attendant  is  to  cut  in  or  out  an  extra  converter  as  the 
load  requires  it,  and  to  see  that  each  converter  in  circuit  carries 
approximately  its  proper  proportion  of  the  load. 

In  the  case  of  small  sub-stations,  the  voltage  will  vary  with 
the  load  on  account  of  the  feeder-drop.  The  direct-current 
voltage  will  be  high  on  light  loads  and  will  fall  on  full  load. 
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For  a  line  with  sub-stations  at  various  points  this  is  an  ideal 
condition.  When  the  load  is  light  on  such  a  station  it  will 
mean  that  most  of  the  load  on  the  system  is  being  carried  by 
other  stations.  The  voltage  will  then  be  high  at  the  lightly 
loaded  station  and  lower  at  the  more  heavily  loaded  stations. 
The  lightly  loaded  station  will  then  tend  to  help  out  the  heavily 
loaded  one,  resulting  in  ideal  conditions — a  tendency  to  dis- 
tribute the  load  proportionately  between  the  stations  at  all 
times.  The  converter  should  be  excited  so  as  to  get  either 
unity  power-factor  or  a  leading  power-factor  at  all  loads,  and 
then  the  feeder  drop  will  automatically  take  care  of  everything 
else  and  there  will  be  a  tendency  always  to  divide  the  load 
proportionately  between  all  the  stations. 

Thus  with  shunt-wound  converters  instead  of  compound- 
wound  machines  with  reactance-coils,  there  results  a  cheaper, 
more  efficient,  and  less  complicated  outfit,  an  outfit  less  liable 
to  give  trouble  and  which  will  give  better  results  both  in  large 
and  in  small  stations.  It  is  hardly  to  be  wondered  at  then 
that  the  present  tendency  is  to  make  all  converters  shunt 
wound.  And  I  think  the  time  is  not  far  distant  when  tha 
compound-wound  converter  will  be  considered  as  a  special  type 
of  machine  to  be  used  only  to  meet  exceptional  requirements. 
The  shunt-wound  converter  will  then  be  standard  for  all  railway 
work. 
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Discussion  on  "Shunt- Compound- Wound  Synchronous  Con- 
verters FOR  Railway  Work,"  at  Milwaukee,  May  30,  1906. 

J.  B.  Taylor:  Mr  Waters'  statement  of  the  tendency  to  leave 
oflf  the  series  field  windings  of  synchronous  converters  for  railway 
work  is  either  in  the  nature  of  a  prophecy,  or  else  he  has  not  com- 
pared the  number  of  plants  operating  with  compoimd  windings 
with  those  operating  without  them. 

For  large  city  systems  where  there  are  a  great  many  cars,  and 
the  load  changes  gradually  (depending  on  the  hour  of  the  day), 
shunt-wound  converters  are  used  in  some  cases,  as  they  have  the 
advantage  of  simpler  connections  and  there  is  not  much  to  be 
gained  from  the  compound  winding.  On  the  smaller  systems, 
and  also  on  the  largest  system,  where  there  are  sudden  changes 
in  the  load,  there  are  a  number  of  decided  advantages  to  be 
gained  by  placing  the  series  field  on  the  converter.  This  has 
been  the  practice  for  a  number  of  years  past,  is  still  the  practice, 
and  I  am  satisfied  will  still  continue  to  be  the  practice  until 
something  quite  different  comes  up. 

The  principal  advantage  of  the  compound  winding  is 
the  more  or  less  automatic  compensation  for  line-drop,  so  as  to 
maintain  approximately  constant  direct -current  voltage  at  the 
sub-station.  There  are  some  incidental  advantages,  such  as 
^the  ability  to  secure  desired  division  of  load  between  machines, 
and  saving  of  time  in  starting  and  placing  machines  in  service. 
Machines  having  different  characteristics,  if  they  are  shunt- 
wound  machines,  will  sometimes  give  considerable  difficulty  in 
obtaining  the  desired  division  of  load,  whereas,  with  compound- 
wound  machines  an  adjustment  of  shunt  on  series  field  will  per- 
mit the  operator  to  divide  the  load  in  the  desired  manner.  The 
converters  may  be  started  at  four  o'clock  in  the  morning,  and 
run  until  two  o'clock  the  next  morning  without  touching  the 
field  rheostat.  When  starting  a  converter  from  the  alternating- 
current  side,  a  small  field  excitation  will  make  the  converter  lock 
in  step  with  synclironous  speed  with  correct  polarity.  This 
separate  excitation  is  given  by  the  series  field  on  closing  the 
equalizer  switch,  provided  another  machine  in  the  station  is 
carr}^ing  a  load. 

There  should  be  no  marked  increase  in  cost  due  to  the  series 
field  winding;  there  is  no  more  copper  on  the  field,  and  what 
copper  there  is  used  is  to  better  advantage,  as  it  is  obvious  that 
a  large  copper  strip  with  a  small  amount  of  insulation  can  be 
placed  more  effectively  than  a  small  winding  insulated  for  500 
or  600  volts. 

As  far  as  the  efficiency  of  the  converter  itself  goes,  there  is 
no  reason  why  the  scries  field  shotild  involve  increased  losses. 
It  is  true,  the  use  of  a  reactive-coil  involves  certain  small  losses, 
but  these  are  more  than  compensated  by  the  advantages.  If 
the  reactive-coil  has  a  kilovolt-ampere  rating  that  is  15  per  cent, 
of  the  converter  rating,  and  even  if  the  losses  in  this  coil  are  as 
large  as  5  per  cent,  of  its  rating  at  full  load  on  the  converter,  this 
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loss  would  be  only  0.75  per  cent,  of  the  converter  rating.  At 
light  load  the  reactive-coil  loss  is  practically  nothing. 

The  series  field  is  of  especial  benefit  on  the  small  system  where 
the  fluctuations  in  the  load  are  felt  at  the  generator.  The  ten- 
dency of  the  increased  leading  component  on  the  converter,  due 
to  the  series  field,  reacts  on  the  generator  and  tends  to  keep  the 
voltage  up.  As  a  result  we  find  that  the  small  systems  operate 
with  very  little  attention  to  the  voltage.  They  are  started  up, 
and  as  the  load  comes  on,  the  generator  voltage,  instead  of  fall- 
ing seriously,  tends  to  remain  constant.  The  result  of  this  is 
that  we  get  fairly  constant  voltage  at  the  sub-stations ;  and 
while  in  railway  work  only  fairly  constant  voltage  is  required, 
it  is  better  to  have  the  voltage  stay  between  590  and  610  volts, 
than  to  drop  from  600  down  to  550  or  525. 

Besides  maintaining  the  schedule,  the  maintenaitce  of  voltage 
reduces  consumption  of  energy,  as  anyone  knows  who  has 
figured  the  watt-hour  consumption  of  a  car.  In  order  to  make 
a  low  watt-hour  consumption  the  voltage  must  be  kept  up. 

On  most  systems  the  substations  are  so  far  apart  that  it  is 
impracticable  to  count  on  one  relieving  another  to  any  great 
extent.  It  could  be  done  at  the  expense  of  a  great  amount  of 
copper  or  by  having  the  converter  voltage  fall  off  very  rapidly 
with  increasing  load. 

There  is  a  special  case,  in  one  of  the  French  cities,  where  the 
character  of  the  load  is  somewhat  the  same  as  we  have  in  New 
York  on  the  elevated  system,  where  many  trains  and  heavy 
loads  are  on  all  the  time,  and  where  the  sub-stations  are  quite 
close  together.  In  this  case  it  is  desirable  to  have  the  load 
shared  by  the  sub-stations  because  the  feeder-drop  between  them 
is  comparatively  small.  In  that  case  they  have  the  series  field 
winding,  but  reverse  it  so  that  the  converter  will  purposely  have 
a  very  drooping  characteristic  and  one  sub-station  is  relieved  by 
those  adjacent  to  it.  Cases  like  this  are  quite  special.  As  I  said 
at  the  outset,  the  compound  winding  is  in  general  use  and  there 
appears  to  be  no  present  tendency  to  dispense  with  it. 

P.  M.  Lincoln:  I  agree  with  Mr.  Taylor  in  taking  exception 
to  the  conclusions  reached  by  Mr.  Waters.  The  shunt-wovmd 
synchronous  converter  and  the  shunt-wound  generator  have 
much  the  same  characteristics."  They  both  have  the  drooping 
voltage  characteristic,  they  differ  in  degree  only,  the  shunt- 
wound  converter  will  not  drop  its  voltage  so  much  with  increas- 
ing load  as  will  the  shunt-wound  direct -current  generator,  but 
the  drop  is  there.  Where  a  rising  voltage  characteristic  is 
desired  on  account  of  operating  conditions,  it  is  necessary,  of 
course,  to  have  the  compound-winding.  The  compound-winding 
does  not  add  materially  to  the  compHcation  or  to  the  cost  of  the 
system.  The  additional  cost  is  practically  all  in  the  switch- 
board apparatus,  principally  in  the  necessity  of  using  equalizer 
switches,  etc.,  but  that,  as  will  be  recognized,  is  a  small  portion 
of  the  total  cost. 
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By  properly  designing  the  transformers  which  connect  to  the 
converters;  that  is,  by  introducing  the  proper  amount  of 
inductance,  the  necessity  for  reactance-coils  can  be  entirely 
avoided.  As  a  matter  of  fact  it  is  avoided  in  the  standard 
construction  of  some  of  the  manufacturing  companies.  As  to 
load  distribution  between  converters,  Mr.  Waters  says  that 
this  is  not  good  with  compound-woimd  converters.  I  believe 
the  equal  load  distribution  between  converters  is  not  so  much 
a  function  of  the  compound  winding  as  it  is  of  other  elements. 
If  a  number  of  converters  are  operated  from  the  same  low- 
tension  bus-bars,  the  brush  tension,  brush  friction,  and  other 
small  irregularities  will  cause  a  considerable  difference  in  the 
distribution  of  the  load.  If,  however,  between  the  high-tension 
bus-bars,  the  point  of  equal  potential  on  the  system  and  the 
converters,  there  is  placed  a  sufficient  amount  of  inductance, 
as  is  the  case  when  each  converter  is  fed  by  its  own  group  of 
transformers  or  its  own  secondary  windings  in  a  group  of  trans- 
formers, then  the  difficulties  in  load  distribution  disappear. 
That  is  the  logical  way  of  operating.  Where  the  rising  voltage 
characteristic  is  wanted,  it  is  perfectly  easy  to  supply  it;  where 
it  is  not  wanted  it  is  easy  to  leave  it  off.  There  is  no  particular 
difficulty  in  doing  it.  One  instance  which  I  might  state  which 
will  show  the  contrary  of  Mr.  Waters'  statements  as  to  mod- 
em tendency,  is  the  case  of  the  Manhattan  Elevated  Railway 
in  New  York.  Originally  they  put  in  their  converter  stations 
and  operated  them  for  a  number  of  years  as  straight  shunt-wound 
converters.  However,  within  the  last  few  months,  or  possibly 
a  year,  the  practice  in  this  group  of  stations  has  been  changed 
and  the  converters  arc  now  operated  compound  wound. 

W.  L.  Waters:  Mr.  Taylor  says  that  there  is  no  differ- 
ence in  cost  between  a  shunt  and  compound-wound  converter. 
Speaking  as  a  desi;^ner,  I  can  say  a  compound-wound  converter 
costs  about  G  or  7  per  cent,  more  than  a  shunt- wound  converter. 
In  order  to  get  automatic  compounding,  a  compound- wound 
converter  has  to  be  designed  so  that  it  can  introduce  a  large 
leading  current  into  the  line ;  that  is,  it  must  be  capable  of  being 
highly  overexcited.  A  shunt-wound  converter,  on  the  other 
hand,  is  designed  to  nm  on  unit  power-factor  and  to  have  a  nor- 
mal excitation.  A  compound- wound  converter  is  designed  so 
that  it  can  be  run  with  from  30  to  50  more  ampere-turns  in  the 
field  than  a  shunt -wound  converter.  This  means  that  there 
must  be  from  30  to  50  per  cent,  more  copper  on  the  fields,  and 
space  must  be  allowed  for  this  extra  copper.  This  makes  the 
frame  bigger  and  the  whole  machine  heavier.  Mr.  Taylor  may 
possibly  have  confused  factory  cost  and  selling  price.  I  was 
speaking  entirely  of  factory  cost.  The  price  at  which  a  machine 
is  sold  is  entirely  a  commercial  question  and  has  nothing  whatever 
to  do  with  the  factory  cost. 

Referring  to  the  question  of  efficiency;  as  I  have  stated  above, 
a  compound-wound  converter  usually  has  from  30  to  50  more 


1006.)  DISCUSSION  AT  MILWAUKEE.  557 

ampere-turns  on  the  field.  This  means  that  the  loss  in  the  field- 
3oils  is  from  30  to  50  per  cent,  greater  than  in  a  shunt-wound 
comverter.  This  is  one  place  where  efficiency  is  lost ;  the  other  is 
in  the  reactance-coils. 

Referring  to  Mr.  Lincoln's  statement  that  the  use  of  reactance 
coils  can  be  avoided  by  designing  the  transformers  with  suffi- 
ciently high  self-induction ;  this  can  certainly  be  done.  It  will 
mean,  however,  that  the  transformers  are  no  longer  standard, 
and  that  all  the  adjustment  of  the  compounding  has  to  be  done 
on  the  series  winding,  which  will  mean  again  that  the  series  wind- 
ing has  to  have  a  bigger  margin  allowed  so  as  to  get  this  ad- 
justment. 

Both  Mr.  Lincoln  and  Mr.  Taylor  misunderstand  me  if  they 
think  I  contend  that  general  practice  is  toward  the  use  of  shunt- 
woimd  converters.  I  meant  to  say  that  when  the  points  of 
extra  complication  increased  cost,  reduced  efficiency,  and  less 
reliability  are  considered  by  the  operating  engineer,  he  will 
usually  come  to  the  conclusion  that  the  shunt-woimd  converter 
is  preferable. 
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ELECTRICAL  CONNECTIONS  FOR    POWER    STATIONS. 


BY  DAVID  B.  RUSHMORE.* 


The  division  and  arrangement  of  units  and  the  system  of 
electrical  connections  in  a  power  station  have  much  to  do 
with  the  cost  and  successful  operation  of  the  plant.  Condi- 
tions vary  to  an  extent  which  prohibits  the  use  of  standard 
arrangements,  but  certain^  general  principles  are  applicable  to 
all  layouts.  For  the  purpose  of  this  paper  the  factors  to  be 
considered  are  generators,  transformers,  lines,  bus-bars,  and 
switches  with  their  relays.  The  kind  of  load,  number  of  sta- 
tions on  system,  lines  in  parallel,  number  of  lines,  size  of  gen- 
erator and  transformer  units,  and  local  conditions,  govern  the 
power  house  arrangements. 

Generators. 

The  relation  of  generator  to  station  capacity  depends  upon 
the  head  of  water;  number,  type  and  speed  of  wheels;  the  re- 
lation of  minimum  to  maximum  stream  flow;  somewhat  on 
the  number  of  transmission  lines;  the  system  of  connections  and 
the  proposed  method  of  operating;  occasionally  on  maximum 
commercial  sizes;  and  upon  a  number  of  minor  factors  which 
vary  in  relative  importance.  The  number  of  generators,  if  a 
one-plant  system,  should  never  be  less  than  four,  preferably 
^\^ ;  and  beyond  that  as  few  as  conditions  will  permit. 

Generator  voltages  increase  with  capacity:  2  300  volts  is 
standard  up  to  about  2  000  kw. ;  above  which  6  600  volts  is 
desirable.     Above  5  000  kw.,  machines  may  be  wound  for  11  000 

♦The  author's  thanks  for  sugj?estions  and  assistance  in  preparation  of 
material  are  due  to  Messrs.  S.  W.  Mausrer,  D.  H.  Plank,  and  G.  T.  Fielding. 
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volts,  60  cycles,  or  13  200  volts,  25  cycles.  With  certain  capa- 
cities, speeds,  and  frequencies,  22  000  volts  are  permissible. 
The  cost  of  switches  is  closely  connected  with  generator  voltage 
and  capacity.  In  many  cases,  transformers  may  be  omitted 
and  power  distributed  directly  from  the  generator. 

Generator  regulation  has  a  direct  bearing  on  the  rating  of 
switches  employed.  A  very  good  regulation  makes  more  diffi- 
cult the  opening  of  the  circuit  and  produces  an  explosive  action 
which  is  undesirable.  When  considered  in  view  of  the  in- 
creased expense,  a  regulation  better  than  8%  or  10%  for  power 
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transmission  has  few  compensatinjj;  advantages,  if  a  compara- 
tively straight  saturation  curve  is  employed. 

A  star  generator  winding  is  almost  imiversal;  occasionally 
the  neutral  is  grounded. 

Generators  will  stand  short-circuit  conditions  for  some  time, 
so  that  automatic  generator  switches  are  unnecessary. 

A  circuit-breaker  should  not  be  used  in  the  generator  field, 
although  one  with  a  reverse-current  trip  is  desirable  when 
exciters  are  run  in  parallel.  The  exciter  field-switch  may  be 
automatic  instead  of  the  high-tension  switches,  if  the  results 
are  allowable. 
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Note. — Dotted  lines  denote  future  installation. 

Relay  No.   1.— Definite  time-limit  overload,  tripping  switches  *'  F  " 
Relay  No.  2. — Inverse  time-limit    overload,   stories,   trippinj;  switches 
D  "  and  "  E  " 

Relay  No.  'A. — Definite  time-limit  overload.  tripj)ing  switches  **  C" 
Relay  No.  4.      Inverse  time-limit  overload,  tripping  switches  "  .4  " 
Switches  "  B,"  *'  (7  "  and  **  //  "  are  non-autoraatic. 
All  oil-switches  are  H-3. 
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Transformers. 

The  points  which  have  to  be  considered  concerning  trans- 
formers in  a  system  of  station  connections  are:  the  number  of 
units,  rated  capacity,  and  capacity  relative  to  that  of  station 
generators  and  lines;  the  system  of  high- and  low-volt  age  trans- 
former connections,  delta,  star,  etc.,  and  whether  grounded, 
single  or  three  phase,  the  number  of  taps  and  the  number  of 
systems  at  different  voltages  fed  from  the  same  transformer 
bank.  Many  points  of  importance  in  station  design,  such  as 
the  choice  of  oil  type  or  air-blast  type,  the  overload  capacities, 
temperature  and  regulation  guarantees,  insulation  specifica- 
tions, and  protective  devices — have  no  direct  bearing  on  the 
choice  of  a  system  of  connections  and  are  not  considered  here. 

The  capacity  of  a  transformer  bank  is  preferably  made  that 
of  a  generator,  and,  if  possible,  so  is  that  of  the  line.  With 
many  large  units  this  may  be  done.  At  least  two  transformer 
banks  should  be  used,  and  duplicate  Hnes  fed  to  any  sub- 
station where  the  continuous  supply  of  power  is  essential.  If 
a  large  number  of  generators  are  installed,  it  may  be  desirable 
to  make  a  unit  of  one  transformer  and  two  generators.  In 
other  cases  the  number  of  transformers  is  entirely  independent 
of  that  of  the  generators.  If  it  is  desired  to  avoid  high-tension 
switching  and  the  use  of  current  transformers  on  the  high- 
tension  side,  the  transformer  bank  may  sometimes  advantage- 
ously be  made  a  unit  with  the  line.  The  transformer  bank  can 
always  equal  the  generator  capacity,  but  the  reverse  is  not 
true.  It  is  desirable,  whenever  possible,  to  have  the  trans- 
former banks  make  a  unit  with  either  the  generator  or  line. 

The  transformer  connections  to  be  used  are  not  definitely 
decided  by  conditions,  and  the  use  of  a  star  or  delta  on  the 
high-tension  side  is  still  a  matter  of  discussion.  The  subject 
is  too  large  to  be  discussed  at  length  here.  As  a  matter  of 
fact,  experience  shows  that  either  system,  if  properly  installed 
and  carefully  operated,  will  give  satisfaction.  The  writer 
believes,  however,  that  in  most  cases  of  high-voltage  transmis- 
sion, the  preponderance  of  advantage  is  on  the  side  of  the 
grounded  star  connection.  There  are,  however,  cases  where 
the  delta  is  preferable.  A  delta  low  tension  may  be  almost 
called  standard. 

The  use  of  single-  or  of  three-phase  transformers  is  a  matter 
of  building  design,  transportation,  cost,  reserve  capacity,  and 
repairs.     In  the  case  of  many  large  units,  it  costs  no  more  to 
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have  a  spare  three-phase  unit  than  a  single  phase  and,  if  a 
transformer-generator  unit  system  is  used,  the  disablement  of  a 
three-phase  transformer  is  no  more  serious  than  one  of  a  single- 
phase  bank,  unless  the  load  be  carried  on  two  transformers. 

Switches  <^  fx'e/ays 
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The  matter  of  cost  can  1)0  calculated  for  each  case,  and  there 
is  always  a  dividinj^^  line  where  the  relation  of  cost  is  reversed. 
Three-])hase  transformers  are  more  difficult  to  transport.  A 
reserve  unit  in  either  case  is  necessary. 

In  many  cases,  a  local  low-voltage  distribution  is  necessarj'; 
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and  two  or  more  voltages  can  often  be  run  from  the  same  trans- 
former bank  with  simplicity  of  connection  and  low  cost  as 
compared  with  the  installation  of  separate  banks. 


w 


rjnO -ampere,  13  000- volt,  triple-pole,  single-throw 
tyi>e  F,  form  A'-^  oil-switch. 


Switches. 
Switches     are     difficult     to    classify, 
table,    prepared   for    the    writer    by    Mr. 
trates  the  divisions  under  which  they  fall. 


The  accompanying 
H.  L.  Smith,  illus- 
For  purposes  of  this 
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paper,  only  oil-switches,  such  as  the  large  electrically  operated 
types  and  the  smaller  ones  often  attached  to  tne  panel 
bank,  will  be  considered. 

Switches  are  named  according  to  their  use:  as  generator, 
selector,  transformer,  bus-bar,  line,  sectionalizing,  group,  feeder, 
disconnecting,  etc.  A  selector-switch  may,  of  course,  be  for 
generator,  transformer,  or  line. 

A  switch  must  withstand  the  electrical  stresses,  carry  the 
current,  and  be  able  to  open  the  circuit  under  the  worst  con- 
ditions to  which  it  will  be  subjected. 


Oil-switch,  1  200  amperes.  13  0(>U  volts,  triple-pole,  single-throw,  show- 
ing construction  of  special  cell  using  standard  litholite  brick  barriers. 


Standard  insulation  is  for  at  least  2.5  times  rated  voltage. 

Current-carrying  capacity  is  in  accordance  with  the  two-hour 
overload  rating  of  generators  and  transformers. 

Rupturing  capacity  depends  upon  the  automatic  time  ele- 
ment used,  and  the  generator  capacity  behind  the  switch  at 
time  of  opening.  The  illustration  shows  that  if  the  current  is 
ruptured  during  the  first  few  cycles  after  short  circuit,  the  condi- 
tions are  more  severe  than  if  a  time-element  were  used. 

Recommendation  is  sometimes  made  that  two  oil-switches 
be  placed  in  series  to  open  together,  although  they  close  sepa- 
rately.    With    the    well-deserved    reputation    of   modem    oil* 


Jfc^ 
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switches,  now  long  past  the  experimental  stage,  the  ad^/isability 
of  this  is  questionable.  To  allow  for  testing  switches,  before 
using,  two  in  series  is  a  great  advantage. 

Generator  Switches. 

Generator  switches  control  and  protect  the  generator.  Like 
all  other  switches  in  a  power  house,  the  conditions  to  be  met, 
and  the  proper  type  and  rating  to  be  installed,  depend  not  only 
upon  the  output  and  characteristics  of  the  machine,  but  also 
upon  the  general  connection  system,  the  capacities  and  action 
of  oth^r  switches,  and  the  plan  of  operation.  With  a  selector, 
bus-bar,  or  low-tension  transformer  switch  in  series,  possessing 
automatic  overload  features,  the  generator  switch  is  preferably 
non-automatic.  Sometimes  it  is  equipped  with  a  reverse-current 
relay  but  this  is  not  recommended  as — the  relay  being  depen- 
dent on  voltage  for  operation — it  is  not  reliable  under  short- 
circuit  conditions.  Occasionally,  where  conditions  demand  it, 
an  inverse  time-limit  relay  is  employed.  With  more  than  two 
generators  on  a  bus-bar  section  this  will  cut  out  the  injured 
machine.  If  the  generator  switch  is  non-automatic  it  will 
have  less  to  open  than  the  line-switch,  and  a  less  expensive 
type  can  be  used.  It  should,  however,  be  able  to  open  the 
normal  short-circuit  current  of  all  generators,  less  one,  on  a 
bus-bar  section. 

With  two  electrically-operated  switches  in  series,  both  may 
be  tried  before  being  finally  closed,  and  the  one  without  the 
automatic  feature  may  be  used  for  synchronizing. 

Where  no  low-tension  bus-bar  is  employed,  or  only  a  trans- 
fer bus-bar  used,  the  generator  switch  may  be  omitted;  this  is 
frequently  done  in  railway  generating  stations  where  the  num- 
ber and  size  of  units  permit  of  a  generator-transformer  unit 
combination. 

Not  infrequently  the  desire  for  symmetry  is  the  reason  for 
installing  all  switches  of  the  same  general  type. 

Selector-Switches. 
A  selector-switch  may  be  defined  as  one  which  will  throw  a 
circuit  on  any  of  two  or  more  sources.  It  may  be  used  for 
generator,  transformer,  line,  or  bus-bar.  With  duplicate  bus- 
bars and  single-throw  switches,  two  are  necessary  to  allow  a 
circuit  to  be  thrown  on  either  bus-bar.  If  it  is  not  necessary 
to  throw  them  under  load,  air-break  disconnecting  switches 
may  be  used. 
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Selector-switches  are  frequently  automatic  with  an  inverse 
time-element  giving  practically  instantaneous  trip  under  severe 
short-circuit  conditions. 

Transformer  Switches. 

Both  high-  and  low-tension  transformer  switches  are  used  in 
stations  with  many  units.  Both  may  be  tripped  from  a  diflEer- 
ential  relay  which  operates  only  in  case  of  internal  short  cir- 
cuits. The  current-carrying  capacity  of  transformer  switches,  as 
of  other  switches,  is  equivalent  to  the  two-hour  overload  rating 
of  generators.  In  some  arrangements  the  oil-switch  is  omitted 
on  the  high-tension  side  of  the  transformer,  and  an  air-break 
disconnecting  switch  used.  If  a  transformer-line  unit  com- 
bination is  employed,  the  high-tension  switch  may  be  omitted. 
With  an  automatic  line-switch,  that  on  the  transformer  is 
made  automatic  only  for  internal  troubles,  the  overloads  being 
cared  for  by  the  attendant. 

Bus-Bar  Switches. 

Bus-bar  switches,  which  tie  the  various  units  to  a  bus-bar 
are  used  for  parallelling  in  case  of  transfer  bus-bars.  Where 
no  necessity  exists  for  operating  under  load,  an  air-break  dis- 
connecting switch  may  be  all  that  is  needed;  in  other  cases,  an 
oil-switch  is  used.  Where  automatic  features  are  desired,  an 
inverse  time-limit  relay  may  be  used  which,  in  a  station  con- 
sisting of  unit  systems,  will  entirely  isolate  the  unit  in  trouble, 
which  should  also  be  simultaneously  cut  off  from  the  sub-sta- 
tion. In  parallel  operation,  these  switches  are  used  for  syn- 
chronizing. It  is  sometimes  arranged  to  have  the  same  over- 
load relay,  trip  both  the  low- tension  bus-bar  and  generator 
switches. 

Line-Switches. 

Switches  for  outgoing  lines  may  be  considered  of  first  im- 
portance, most  disturbances  being  external  to  the  station  and 
necessarily  removed  under  emergency  conditions.  They  are 
to  disconnect  all  line  and  distribution  troubles  and  consequently 
are  subjected  to  severe  conditions.  They  should  always  be  of 
ample  capacity.  With  more  than  two  transmission  lines 
automatic  features  are  desirable  and.  in  combination  with 
automatic  scclionalizing  switches  in  the  ^ub-station,  will  cut 
out  a  disabled  line. 
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S^CTIONALIZING  SWITCHES. 

Most  of  the  remaining  switches  in  a  station  may  be  less  ex- 
pensive and  of  smaller  capacity,  if  the  high-  and  low-tension  sec- 
tionalizing  switches  are  fitted  with  instantaneous  relays.  These 
switches,  opening  before  the  others,  reduce  the  capacity  which 
a  switch  must  handle.  The  bus-bars  may  be  sectionalized  in 
a  number  of  places,  and  simple  disconnecting  switches  may  be 
used  if  conditions  of  operation  permit.     For  a  station  of  large 
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eapacity,  operating  in  parallel,  an  oil-switch  with  instantaneous 
time  feature  should  be  used. 

Relays. 

Small  stations  may  rely  upon  an  operator;  large  plants 
netnl  autuniatie  switches. 

Relays  are  eleetrical  devices  which  operate  sw^itches  at  prede- 
termined points  of  load.    They  allow  sensitiveness  of  operation  to 
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be  combined  with  powerftil  action.  Alternating-current  relays 
may  operate  for  overload,  reverse  current,  reverse  phase,  and 
low  voltage.  The  time  element  may  be  instantaneous,  inverse 
time-limit,  or  definite  time-limit,  and  the  action  may  be 
either  to  open  or  close  an  auxiliary  circuit.  Overload  and  reverse 
current  relays  may  have  any  time  attachment.  Reverse-phase 
and  low-voltage  relays  are  usually  instantaneous.  Circuit- 
closing  relays  imply  direct-current  switch  actuation;  and  cir- 
cuit opening,  alternating  current  from  current  transformers. 

Instantaneous  relays  are  used  at  points  of  load,  and  to  sec- 
tionalize  the  bus-bars  at  both  generating  and  sub-stations,  and 
relieve  switches  with  time-limit  attachments  from  opening 
the  total  generator  capacity ;  also,  where  the  fire  risk  is  great,  and 
a  disconnection  of  part  of  the  load  is  preferable  to  temporary 
disturbance.  If  used  on  feeders,  a  switch  of  maximum  capa- 
city is  necessary  to  open  the  large  circuits  existing  during 
initial  short-circuit  conditions.  Most  systems  are  subject  to 
disturbances  and  it  is  better,  as  a  rule,  to  allow  such  disturb- 
ances rather  than  cut  off  the  power. 

Inverse  time-limit  relays  protect  apparatus  from  injurious 
heating  by  excessive  overloads.  When  placed  on  parallel 
feeders,  they  will  cut  off  the  faulty  one,  and  may  be  used  on 
generator  switches  instead  of  reverse-current  relays,  which  are 
not  satisfactory  under  short-circuit  conditions.  Generator 
switches  are  preferably  non-automatic. 

With  unit  systems  the  transfer  bus-bar  switch  is  usually  oper- 
ated by  an  inverse-time  relay.  An  inverse  time  relay  is  also 
used  when  large  variations  of  load  occur  in  starting  of  syn- 
chronous or  induction  motors.  Definite  time-limit  relays  are 
used,  and  occasionally  placed  so  that  they  open  switches  in 
sequence,  beginning  with  the  remote  load  until  the  trouble  is 
removed.  They  are  used  on  line-switches  and  for  disconnecting 
transformers  in  conjunction  with  instantaneous  relays  on  bus- 
bar sectionalizing  switches,  and  inverse-time  limit  of  bus-bar 
switches. 

The  use  of  the  time-limit  feature  of  relays  is  subject  to  some 
personal  equation. 

Reverse-current  relay?  arc  theoretically  desirable  on  gen- 
erator switches,  and  to  protect  sub-stations  with  multiple 
feeders,  but  practically  they  arc  not  satisfactory. 

Low-voltage  relays  are  employed  mainly  on  motor  switches 
to  ensure  having  resistance  in  series  when  starting,  or  the  proper 
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controller  connections  at  such  time.  The  time  function  is 
instantaneous. 

Reverse-phase  relays,  which  are  usually  of  the  instantaneous 
type,  are  used  to  trip  a  switch  in  case  of  improper  motor  con- 
nections. 

Relays  are  now  to  be  had  which  are  entirely  reliable  and,  if 
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j^iven  proi)rr  inspo(^tion,  adjustment,  and  caro,  add  greatly  to 
the  satisfarlory  (jjuTation  of  a  largr  plant. 

Hi;s-Bars. 
Bus-Lars  arc  called  liii^h-tension,  low-tension,  generator,  trans- 
former or  feeder,  duplicate,  auxiliary,  tie,  synchronizing,  and 
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transfer.  Historical  examples  and  theoretical  possibilities  are 
complicated,  but  actual  constructions  show  relatively  simple 
bus-bar  arrangements.  It  is  here  that  cost  and  convenience  are 
opposed.  A  double  bus-bar  throughout,  sectionalized,  is  the 
most  flexible  arrangement,  and  many  plants  are  so  constructed. 
A  single  bus-bar  subdivided,  with  jumpers,  comes  next  and  for 
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many  conditions  is  sufficient.  With  a  generator,  transformer, 
and  line  unit,  high-  and  low-tension  transfer  bus-bars  are  all 
that  is  necessary.  If  generator  and  transformer  units  are  used 
with  a  large  number  of  feeders,  a  low-tension  transfer  bus-bar 
and  duplicate  high-tension  bus-bar  are  desirable.  Where  a 
large  number  of  generators  are  used,  the  low-tension  bus-bars 
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may  be  dispensed  with.  Occasionally  two  generators  are  used 
with  one  transformer  bank,  in  which  case  the  low-tension 
bus-bar  need  not  be  continuous.  A  sectionalized  bus-bar  can 
be  used  for  the  same  purpose  as  a  duplicate  arrangement,  but 
lacks  the   flexibility   of   the   latter.     In   high-tension   stations, 


•0000  VOLr  FCEDCR8 


— Li 1  .    I Lsi4^-^- 


MOOO  VOLT  BUS 


H4  6VVITCHE8  rp 

8   • 


Mj»«rlTCHC9 
IIUOO  VOLT  BUS 


tOOOO  VOLT  rUOCAS 


tt]    ii    tt    rf] 


s  '    si* 


LOCAL  FEEDERS 


n  [pLpg, 


dm  u 


LLJ. LL-L 


o    o 


•iOOOK.W.   11000  VOLT  GENERA  TORb 


U 


O      O 


Key  to  Symbols  Used  on  Wiring. 
A,  ammeter.  C  T,  current  transformer. 

V,  voltmeter.  P  T,  |K>tcntial  transformer. 

R  W,  recording  wattmeter,  D.  C.  5.  switch. 

S  R  \y,  single-pha.'^e  recording  wattmeter  C  B,  circuit  brt^akcr. 
BR  W ,  balanced  three-phase  recording  wattmeter    R  ft,  receptacle. 
PRW,  p(^lyphase  recording  wattmeter.  R,  rheostat. 

5  /  \V,  single-phase  indicating  wattmeter.  P  R,  discharge  resistance 

B  I  W,  balanced  three- j)hase  indicating  wattmeter    O  R,  ohmic  resistance. 
P  I  W,  jK>lyphase  indicating  wattmet(»r  /  R,  inductive  resistance. 

.S  /,  synchronism  indicator. 


the  cost  of  the  oil-switche.s  becomes  an  important  factor  and 
every  eflort  is  made  to  keej)  their  number  as  small  as  possible. 
There  is  evidently  no  fixed  rule  by  wliich  the  bus-l)ar  ar- 
rangement can  be  definitely  decided;  any  decision  being  a 
matter  of  judgment  l)etween  conflicting  tendencies  of  cost, 
convenience,  reliability,  and  safety. 
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Lines. 
Decision  regarding  transmission  lines  depends  on  a  number 
of  different  factors.     It  is  an  axiom  that  the  continuous  supply 
of  power  necessitates  duplicate  lines.     With  almost  ideal  con- 
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struction  and  care,  and  especially  under  favorable  social  and 
climatic  conditions,  a  very  close  approximation  may  be  made 
with  but  a  single  line. 

The  capacity  limit  for  a  single  line  is  dependent  upon  the 
power  and  the  voltage.     Excessive  capacity,  when  concentrated 
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in  a  single  fault,  makes  difficult  switching  and  may  produce 
disastrous  effects.  In  general,  the  number  of  lines  should  be  as 
few  as  possible.  Many  Hnes  make  an  expensive  station  in- 
stallation; yet  complete  control  of  a  system  should  be  had 
from  the  power  house,  and  a  balance  must  be  struck  between 
these  conflicting  influences. 

Systems  of  Connection. 

The  simplest  system  is  for  a  single  generator  to  feed  directly 
into  the  line  without  transformers  or  bus-bars,  and  with  a 
single  switch.  (Fig.  1.)  Next  comes  the  use  of  a  single  bus 
and  a  multiplicity  of  lines  or  feeders,  necessitating  a  switch  for 
each  line,  a  single  bus  and  a  generator  switch.  (Fig.  2.)  A 
second  generator  necessitates  the  addition  of  a  bus  sectionalizing 
switch  (Fig.  3).  The  addition  of  another  bus-bar  necessitates 
selector  switches  for  both  lines  and  generators,  (Fig.  4)  to  allow 
any  group  of  lines  to  be  run  from  any  group  of  generators.  If 
now  we  have  a  large  number  of  feeders,  we  add  a  group-switch 
to  the  lines  and  a  generator  switch  to  the  machine,  and  we 
have  what  might  be  called  a  standard  system  of  connections 
for  an  urban  railway  system  (Fig.  5).  This  arrangement  is 
subject  to  discussion  but  possesses  many  valuable  features. 
It  will  be  noticed  that  both  generators  and  line  have  two  oil- 
switches  in  scries,  a  point  open  to  discussion. 

Fig.  6  represents  the  simplest  layout  with  transformers  of  a 
single  generator  transformer  bank,  switch  and  line.  This  is 
used  where  a  number  of  plants  feed  into  the  same  system.  With 
more  than  one  line,  as  in  Fig.  7,  a  bus-bar  and  transformer  switch 
are  used  on  the  high-tension  side.  In  Fig.  8  we  have  the  next 
step,  where  a  plurality  of  generators  is  connected  to  a  low-tension 
bus-bar  through  generator  switches,  and  a  low-tension  trans- 
former switch  is  employed.  It  will  be  noted  that  we  have  here 
two  oil-switches  in  series.  The  arrangement  shown  in  Fig.  9, 
while  more  complicated,  is  better,  in  that  the  plant  is  divided, 
and  the  two  parts  may  be  run  independently  and  all  of  the 
transformer  "  eggs  are  not  in  one  basket."  This  arrangement 
is  typical  of  an  installation  with  many  feeders  and  with  a  number 
of  small  generators. 

Fig.  10  represents  another  step  where  the  generator  capacity 
is  sufficiently  large  to  allow  of  a  generator-transformer  unit  com- 
bination with  a  duplicate  outgoing  line.  This,  with  slight 
modifications,  represents  the  layout  of  one  of  the  most  modem 
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plants  at  present  being  installed.     By  running  in  parallel  on 
the  high-tension  side  only,  any  generator  can  be  run  with  any 
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transformer.  The  whole  station  can  be  run  in  parallel  or  the 
two  parts  run  separately.  It  will  be  noted  liere  also  that  two 
switches  are  in  series. 
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Fig.  11  represents  a  modification  where  the  generator  capacity 
is  relatively  small,  and  a  transformer  line  unit  is  used. 

Fig.   12  illustrates  a  generator,  transformer,  and  line  unit 
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which  is  very  desirable  and  is  possible  in  some  plants.  Here 
each  unit  may  be  run  as  an  independent  station  or  any  single 
combination  may  be  made. 
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A  number  of  auxiliary  bus-bars  may  be  added  to  the  arrange- 
ments shown,  and  frequently  are  in  practice  as  convenience 
demands. 

The  station  connections  which  are  shown  represent  the  latest 
practice  of  plants  recently  installed  and  are  self-explanatory. 
The  conditions  necessitating  these  arrangements  arc,  however, 
not  evident,  but  in  most  a  low  first  cost  has  been  an  important 
factor. 
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ECONOMIES  TO  BE  DERIVED  FROM  THE  UTILIZATION 

OF  WATER  POWERS  OF  LOW  HEAD  IN  THE 

CENTRAL  WEST. 


BY  DUGALD  C.  JACKSON. 


The  necessity  for  the  utmost  reduction  in  the  cost  of  their 
product  is  being  pressed  more  determinedly  upon  the  electric 
generating  companies  located  in  the  smaller  cities  of  the  central 
west  as  the  use  of  the  electric  current  becomes  more  generalized. 
The  extension  and  generalization  of  the  use  of  current  also 
goes  hand  in  hand  with,  and  is  encouraged  by  reduction  in  the 
cost  of  the  plant  output,  since  a  generating  company  may  ob- 
viously increase  its  sales  at  a  rapidly  accelerating  rate  as  the 
price  of  its  product  falls. 

It  is  well  known  to  engineers  familiar  with  the  conditions  of 
the  central  west  that  the  electric  plants  of  the  cities  of  medium 
and  smaller  size  have,  until  recent  years,  been  of  characteristic- 
ally unsubstantial  construction,  and  the  operating  expenses 
have  been  proportionately  high. 

I  propose  to  tell  briefly  something  of  the  way  in  which  the 
electric  light  company  in  one  of  these  smaller  cities,  namely, 
Janesville,  Wisconsin,  a  city  of  about  15  000  inhabitants,  has 
improved  its  condition  by  getting  away  from  the  old-time 
uneconomical  plant  to  a  plant  of  modem  construction  which 
is  substantial,  and  is  capable  of  producing  current  with  so  much 
economy  that  the  use  of  the  product  has  extended  enormously 
during  the  last  three  years.  I  take  the  situation  in  Janesville 
for  the  subject  of  this  paper  because  of  the  unusual  fact  that 
the  company  has  been  able  to  utilize  three  separate  water  powers, 
two  of  which  are  used  for  continuous  service,  and  the  third  for 
peak-load  service. 
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Three  or  four  years  ago  the  Janesville  Electric  Company  was 
operating  a  power  house  in  the  heart  of  the  city,  and  was  there 
utilizing  a  small  amoimt  of  water  power  in  conjimction  with 
a  considerable  amount  of  steam  power,  of  which  the  latter 
was  generated  imder  conditions  of  much  inconvenience  and 
lack  of  economy.  The  company  also  owned  a  small  water 
power  some  miles  from  the  city,  and  it  utilized  this  for  operating 
a  synchronous  motor  in  the  city  station  and  the  like. 

The  company  came  into  hands  with  financial  strength  and 
koen  foresight,  and  it  obtained  nearly  exclusive  water  rights 
at  two  dams  on  the  Rock  River,  located  within  the  limits  of 
th6  city  of  Janesville. 

An  examination  of  Map  No.  1  shows  that  the  Rock  River  flows 
from  the  north  into  the  city  of  Janesville,  makes  an  easy  easterly 
turn,  and  then  swings  sharply  toward  the  west  before  it  leaves 
the  limits  of  the  city.  As  it  makes  its  turn  through  the  city, 
it  also  makes  a  rapid  drop  in  level. 

At  a  point  which  is  a  few  blocks  from  the  business  center  of 
the  city,  there  is  an  old  timber  dam  which  has  long  been  used 
to  develop  water  power  that  was  originally  utilized  for  running 
a  grist  mill  and  other  like  purposes,  a  canal  of  some  length 
having  been  extended  along  the  margin  of  the  river  through  a 
portion  of  the  city.  The  electric  company  obtained  water 
rights  for  the  greater  portion  of  the  power  on  this  site,  and  also 
the  site  of  the  old  grist  mill  upon  which  the  company  has  erected 
a  modem  fireproof  power  house.  This  is  the  Central  plant 
named  on  the  Map. 

Just  southwest  of  the  point  where  the  river  turns  sharply 
westward  before  leaving  the  limits  of  the  city,  is  an  old  timber 
and  stone  dam,  which  has  been  in  existence  many  years.  It 
fdiherly  supplied  power  to  a  woolen  mill,  and  of  recent  years 
aWo  furnished  the  power  for  operating  a  cotton  mill;  but  the 
cotton  mill  was  closed  down,  and  the  Janesville  Electric  Com- 
pany was  enabled  to  obtain  its  site  with  power  plant  and 
the  greater  portion  of  the  water  rights  at  this  dam.  This  is 
the  Monterey  site  which  is  marked  upon  the  Map  No  1. 

The  third  water  power  is  a  small  power  about  12  miles 
from  Janesville,  the  water  rights  of  which  are  owned  exclusively 
by  the  company.  This  is  the  Fulton  site  which  may  be  seen 
on  Map  No.  2. 

I  will  denominate  the  plants  at  these  three  power  sites  re- 
spectively as  the  Central  plant,  the  Monterey  plant,  and  the 
Fulton  plant. 
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Map  No.  L— Course  of  Rock  River  through  the  city  of  Janesville. 
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Map  No.  2. — ^Janosville  and  Fulton. 
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Upon  securing  the  water  rights  and  the  mill  site  where  the 
Central  plant  now  stands,  the  Janesville  company  placed  the 
development  of  a  suitable  electrical  generating  plant  in  the 
hands  of  engineers,  The  condition  of  the  site  at  that  time  is 
indicated  in  the  photograph  marked  Fig.  1.  The  old  mill  was 
torn  down,  a  suitable  forebay  excavated,  reinforced  concrete 
penstocks  erected,  suitable  waterwheels  installed,  and  measuring 
gates  erected  at  the  entrance  to  the  forebay.  The  measuring 
gates  are  large  movable  gates  which  are  required  because  the 
electric  company  does  not  own  quite  all  of  the  water  rights. 


Fig.  1. — Upper  dam  and  site  of  present  Central  plant, 
showing  old  grist  mill. 


They  were  installed  under  the  direction  of  the  county  court 
for  the  purpose  of  properly  dividing  the  water  between  the  owners 
in  accordance  with  their  proportionate  ownership.  The  condi- 
tion of  the  site  while  this  work  was  going  on  is  indicated  by  the 
photograph  marked  Fig.  2.  Fig.  3  shows  the  site  after  the 
completion  of  the  power  house. 

In  passing,  I  will  remark  that  the  concrete  work  for  the 
penstocks  was  prosecuted  in  midwinter  with  the  temperature 
at  times  12lto  16  degrees  fahr.  below  zero,  but  careful  precautions 
were  taken  and  the  concrete  has  proved  exceptionally  free  from 
defects. 
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The  dam  at  the  Central  plant  afTords  a  head  of  8.5  ft.  at 
normal  water,  which  is  somewhat  reduced  in  the  case  of  high 
flood  waters  on  account  of  the  effect  of  hack  water.  The  Rock- 
River  rises  in  a  marshy  region  in  central  Wisconsin,  and  has  a 
drainage  area  of  approximately  3  250  square  miles  above  Janes- 
ville.  It  is  a  river  of  reasonably  equable  flow,  though  it  is 
subject  to  quite  low  water  in  the  late  summer  and  rather  high 
water  in  the  early  spring.  Ordinarily  it  has  a  very  satisfactory 
flow  during  those  months  that  afford  the  greatest  daily  load  for 
the  electric  light  company. 


Fui.  2. — Upper  <i:iiii  and  site  i^i  prcM-nt  CVntnil  plant, 
during  ])n^j^n'ss  ui  cuncri'tt'  wnrk. 

The  waterwluvl  iquipmcnt  installed  at  this  point  consists 
of  six  wlu-rls,  four  rateil  at  1  IS  h.j).  ca«.h,  and  two  rated  at 
100  h.p.  earn,  tht-  f(.)ur  being  arratii^cd  to  drive  uj)on  a  main 
horizontal  siiaft.  while  the  tw(.»  drix'e  an  independent  shaft. 
The  latter  two  an-  wlict-ls  wliii'li  were  already  t)wned  by  the  com- 
pany when  tl.is  plant  was  (levilc)])ed.  and  tliey  were  tempo- 
rarilv  installed  for  use  until  tlu-  .Uniand  for  j)')\ver  shall  become 
suirieii-nilv  '^r.at  l-.niak*'  it  wortli  \vliil«-  to  n-plaee  them  by  wheels 
corn-spniiilin-.:  i"  t'.e  »»t;:<T  ii>ur. 

The  eonipanv  had  Ik  en  ujjeralin;.:  a  rather  mixed  lot  of  cir- 
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cuits  including  Edison  direct-current  three- wire  system,  110 
volts  on  a  side,  for  incandescent  lamp  lighting,  with  220- volt 
direct-current  motors  between  the  outside  wires;  500- volt  rail- 
way circuits;  alternating-current  incandescent  electric  lighting 
circuits;  direct-current  series  arc  lighting  circuits,  and  circuits 
to  polyphase  alternating-current  motors.  This  mixed  system 
had  partially  come  about  through  the  merging  of  two  companies 
a  considerable  number  of  years  ago,  and  partially  through  the 
gradual  development  of  the  plant  toward  an  alternating-current 
plant. 


V\c,.  r.. — Ui)j>rr  dam  and  Central  plant. 


When  the  Central  plant  was  constructed  and  the  old  plant 
in  the  heart  of  the  city  abandoned,  it  was  decided  that  the 
better  economy  lay  in  preserving  the  mixed  system  for  the 
present,  since  considerable  of  the  machinery  was  in  very  good 
shape  and  a  good  many  direct-current  motors  were  in  use. 
Consequently  the  company  still  maintains  the  direct-current 
three-wire  system,  the  500-volt  electric  railway  circuits,  and 
its  alternating-current  circuits  for  incandescent  lighting  and 
motors.  It  has  changed  its  arc  light  system  so  as  to  use  alter- 
nating-current series  arc  lamps  operating  from  Thomson  tub 
transformers. 
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Such  of  the  electric  generators  of  the  old  plant  as  were  modem 
and  in  good  operating  condition  were  moved  to  the  new  Central 
plant.  These  included  one  500-volt  generator  for  the  railway 
load,  two  110-volt  generators  for  direct-current  lighting  and 
power  load,  and  a  250-volt  direct-current  machine  which,  with 
other  purchased  machines,  serve  a  double  purpose:  namely, 
either  to  operate  between  the  outside  wires  of  the  direct-current 
three-wire  system,  the  110-volt  machines,  or  a  compensator, 
taking  care  of  any  lack  of  balance,  or  (connected  in  series  with 
each  other)  to  operate  with  the  500-volt  generator  in  connection 
with  the  railway  load.  Additional  250-volt  direct-current  ma- 
chines have  since  been  purchased  and  installed  for  a  like  purpose. 

A  synchronous  three-phase  alternator  of  6  600  volts  pressure 
had  been  in  use  as  a  motor  driving  a  jack-shaft  in  the  old  city 
station,  receiving  power  from  the  Fulton  plant,  for  the  purpose 
of  aiding  the  old  city  station  in  coping  with  its  peak-loads. 
This  machine  of  85  kw.  capacity  and  another  three-phase 
alternator  of  150  kw.  capacity  were  installed  in  the  Central 
plant,  and  these  are  connected  to  the  switchboard  in  such  a 
manner  that  they  may  be  used  as  synchronous  motors  to  re- 
ceive power  from  either  or  both  of  the  other  generating  plants, 
thus  aiding  to  drive  the  generators  in  the  central  plant.  Like- 
wise, they  may  be  used  as  generators,  being  driven  by  the 
shaft  of  the  Central  plant,  and  thus  deliver  power  to  the  poly- 
phase alternating-current  circuits  and  tub  transformers.  The 
latter  (four  in  number)  are  located  in  this  plant  and  are  divided 
two  and  two  between  two  phases  of  the  three-phase  circuits, 
while  the  third  phase  is  connected  to  the  alternating-current 
incandescent  lighting  circuits.  The  three  phases  are  utilized 
to  operate  polyphase  motors,  of  which  there  are  several  of 
considerable  capacity. 

The  power  house  at  the  central  station  stands  on  made  ground 
between  the  old  power  canal  and  the  river  bank.  The  founda- 
tions are  supported  on  piles.  When  it  came  to  building  the 
house  it  was  found  that  a  concrete  block  building  could  be 
put  up  more  economically  under  the  particular  circumstances 
than  a  building  of  brick  and  the  block  construction  was  there- 
fore chosen,  the  type  of  blocks  being  carefully  selected  so  as  to 
afford  a  satisfactory  appearance.  Artificial  rock-faced  blocks 
were  used  in  the  exterior  lower  courses  and  the  pilasters  of  the 
building,  while  blocks  with  imitation  bush-hammered  faces 
were  used  for  the  remainder  of  the  exterior  of  the  building. 
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All  of  the  blocks  are  smooth  on  the  faces  exposed  in  the  interior 
of  the  building.  The  roof -trusses  are  of  steel,  and  the  roof  is 
covered  with  fire-proof  roofing.  An  exterior  view  of  the  power 
house  is  afforded  by  Fig.  3.  The  corrugated-iron  extension 
to  be  seen  in  the  photograph  running  toward  the  observer 
composes  a  covering  for  the  wheel  settings. 

The  equipment  in  use  in  the  power  house  includes  two  steam- 
engines  and  a  boiler  which  were  installed  for  reserve  purposes. 
The  boiler  is  a  water-tube  boiler  purchased  at  the  time  of  the 
erection  of  the  power  house  and  the  two  engines  (respectively 
a  Corliss  engine  of  300  h.p.  and  a  high-speed  engine  of  150  h.p.) 
were  moved  from  the  old  city  power  house. 

The  steam  plant  is  arranged  so  that  the  Corliss  engine  may  be 
connected  by  friction-clutch  to  the  water-wheel  shaft  so  that 
the  steam  and  water  power  can  work  together. 

As  the  generators  in  this  station  are  relatively  small,  they 
are  all  belted,  and  the  110- volt  and  250-volt  machines  are  oper- 
ated in  pairs  by  tandem  belts  to  save  space.  The  low  head  makes 
the  use  of  vertical  water-wheels  necessary,  and  bevel-gears 
are  used  for  transmitting  the  power  to  the  horizontal  shaft. 

Some  engineers  who  have  not  had  experience  in  the  operation 
of  such  plants  undoubtedly  may  criticize  the  introduction  of 
the  small  belted  units  into  this  plant  and  the  use  of  tandem 
belts,  but  experience  shows  that  it  is  satisfactory  and  re- 
liable; and  there  is  no  doubt  that  it  has  cost  the  company  less 
per  annum  through  operating  these  machines  than  the  additional 
annual  charge  which  would  have  been  imposed  by  selling  these 
machines  at  second  hand  and  purchasing  others  of  uniform 
type.  The  use  of  direct  connected  machines  is  not  practicable 
under  the  conditions  of  the  plant. 

The  Monterey  plant  which  is  on  the  Rock  River  about  two 
miles  south  of  the  Central  plant  is  now  operated  from  the  old 
water-wheels  of  the  cotton  mill  which  are  mounted  in  an  un- 
satisfactory manner,  and  this  summer  will  see  the  water-wheel 
development  at  this  point  extended  so  that  the  old  wheels  may 
be  ultimately  replaced  and  the  full  power  of  the  site  taken  ad- 
vantage of.  There  is  also  located  at  this  point  an  admirable 
Corliss  engine  of  350  h.p.  which  was  part  of  the  cotton  mill 
equipment,  and  which  is  still  maintained  by  the  electric  company 
as  part  of  its  steam  rcser\^e.  One  275  kw.  three-phase  generator 
is  now  temporarily  installed  in  this  plant,  driven  by  the  old 
wheels  of  the  cotton  mill,  of  which  there  are  four,  three  being 
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rated  at  100  h.p.  each,  and  one  being  rated  at  50  h.p.  Ad- 
ditional generating  capacity  will  be  added  this  summer  after 
new  concrete  penstocks  have  been  put  in,  and  two  new  water- 
wheels  of  250  h.p.  each  have  been  installed  therein.  The  old 
equipment  will  probably  be  maintained  for  another  year  to 
operate  in  conjunction  with  the  new,  after  which  it  will  be  re- 
placed by  larger  and  better  apparatus. 

The  generating  capacity  of  this  plant  may  be  utilized  in  co- 
operation with  the  Central  plant,  either  by  operating  a  syn- 
chronous motor  at  the  Central  plant  to  aid  in  driving  the  direct- 
current  machinery,  or  by  delivering  the  alternating  currents  to 
the  alternating-current  distributing  system  through  the  Cen- 
tral plant  switchboard,  or  both. 

The  head  which  the  Monterey  dam  affords  at  normal  water 
is  approximately  9.5  ft.,  which  is  somewhat  reduced  at  times 
of  excessively  high  water.  A  fair  amount  of  storage  exists  in 
the  pond  above  the  dam  at  each  of  these  plants,  namely,  the 
Central  and  Monterey  plants,  so  that  advantageous  use  may  be 
made  of  the  water  for  the  variable  load  of  the  lighting  company. 

The  Fulton  plant  is  about  12  miles  northerly  from  Janesville. 
It  is  located  on  the  Yahara  River,  a  stream  colloquially  known 
as  the  Catfish,  which  is  the  outlet  of  a  string  of  lakes  which 
have  surface  area  of  about  60  square  miles.  The  stream  also 
has  some  sources  of  supply  from  branch  streams  entering  below 
the  outlet  from  the  lakes.  The  total  drainage  area  covers  ap- 
proximately 510  square  miles  above  Fulton.  The  head  afforded 
by  the  dam  is  14  ft.  and  the  pond  above  the  dam  affords  con- 
siderable storage  capacity.  This  plant  is  therefore  used  only 
for  peak-loads  and  is  consequently  operated  only  a  few  hours 
each  day,  under  ordinar^^  conditions.  The  plant  has  been  in 
its  present  condition  for  a  number  of  years.  Its  equipment 
includes  three  75  h.p.  water  wheels  and  a  150  kw.  three-phase 
generator.  The  water-wheels  are  vertical  wheels  geared  to  a 
horizontal  shaft.  A  small  generator  is  also  installed  in  this 
power  house  for  the  purpose  of  contributing  to  the  lighting 
of  the  town  of  Edgerton  which  may  be  seen  on  map  No.  1. 
The  latter  generator  is  supplied  by  the  owner  of  the  electrical 
supply  for  the  village  of  Edgerton,  who  owns  a  water  power  site 
of  very  low  head  on  the  Rock  River  at  a  point  marked  Indian 
Ford  which  can  be  seen  on  the  map,  and  who  found  it  desirable 
to  buy  some  of  his  power  from  the  Fulton  plant  of  the  Janesville 
company  on  account  of  the  insufficiency  of  the  Indian  Ford 
plant 
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This  Fulton  plant  has  a  transmission  line  of  6  600  volts  pres- 
sure. The  city  distribution  circuits  on  the  alternating-current 
system  are  of  2  200  volts  pressure.  The  alternating-current 
machines  in  the  Monterey  and  Central  plants  are  of  2  200  volts 
pressure  with  the  exception  of  one  old  synchronous  machine 
which  is  of  6  600  volts  pressure. 

Transformers  suitably  located  with  respect  to  this  6  600- volt 
machine  in  the  Central  plant  make  it  possible  to  use  it  in  con- 
nection with  the  2  200-volt  lines  as  motor  or  generator,  or  to 
receive  power  from  the  6  600- volt  line  from  Fulton.  The 
same  transformers  also  provide  means  by  which  the  6  600- volt 
line  may  feed  directly  into  the  2  200-volt  distribution  circuits. 

It  will  thus  be  seen  that  the  three  plants  may  work  together. 
They  ordinarily  operate  as  substantially  one  generating  imit  by 
being  associated  during  peak-loads. 

Under  usual  conditions  of  operating,  the  two  alternating 
machines  in  the  Central  plant  are  utilized  as  motors  in  driving 
the  direct-current  machines,  deriving  their  power  from  the 
other  two  stations,  and  the  alternating-current  distribution 
lines  of  the  system  are  supplied  by  current  from  the  other  two 
plants  through  the  Central  plant  -switchboard.  The  arrange- 
ment of  the  switchboard  is  simple  but  it  affords  the  possibility 
of  operating  the  plants  in  any  combination  on  the  distribution 
circuits,  either  with  each  other  or  singly,  as  the  storage  of 
water  or  other  conditions  may  make  desirable.  A  thoroughly 
efficient  combination  of  the  three  plants  is  accomplished,  and 
the  company  is  remarkably  well  fortified  against  interruptions! 
of  service. 

The  synchronous  alternating-current  machine,  being  opera- 
tive either  as  a  generator  or  motor  without  any  changes  in  its 
connections,  is  a  device  of  great  convenience  in  a  system  like 
that  of  the  Janesville  Electric  Company.  It  also  adds  materi- 
ally to  the  reserve  generating  capacity  of  the  plant  so  that 
some  economy  of  space  results,  and  some  driving  gear  and  ma- 
chinery is  dispensed  with. 

The  map  No.  3  shows  that  the  drainage  area  of  the  Rock 
River  above  Janesville  includes  nearly  the  whole  of  the  counties 
of  Dane,  Jefferson,  and  Dodge,  and  considerable  portions  of 
the  counties  of  Rock,  Waukesha,  Washington,  and  Fond  du  Lac, 
most  of  which  are  notably  excellent  and  well  cultivated  farm 
and  dairy  counties.  This  gives  a  reasonable  basis  for  expecting 
fairly  stable  conditions  of  the  water  power,  so  that  the  future 
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power  may  be  reasonably  estimated  from  the  records  of  the 
past. 

The  map  illustrates  in  a  rather  graphic  manner  the  general 
characteristics  of  the  drainage  area  with  its  numerous  lakes 
and  streams.     The  river  has  an  average  slope  of  about  1.2  ft. 


]     v/ALWORTH 


Map  No.  3. — Drainage  area  of  the  Rock  River  above  Janesville. 
Scak",  1  in.  —  10  miles. 


to  the  mile  and  runs  through  a  country  of  loamy  soil  which 
was  once  covered  by  extensive  forests  that  have  now  disappeared, 
and  the  land  is  well  developed  for  agricultural  purposes.  The 
area  lies  in  the  region  of  glacial  drift  which  accounts  for  nu- 
merous lakes  and  marshes  and  their  tributary  small  streams. 
The  extreme  source  of  the  river  is  the  extended  Horicon  marsh. 
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once  a  large  lake,  but  now  partially  drained.  The  river  is  fed 
as  it  flows  southward  by  numerous  streams  which  usually 
themselves  originate  in  small  lakes  and  marshes,  and  it  passes 
through  Lake  Koshkonong,  widely  famous  as  a  feeding  ground 
for  canvas-back  ducks  during  their  migrations.  About  a  dozen 
miles  from  Janesville  the  river  receives  the  waters  of  the  Yahara 
which  discharge  from  the  Four  Lakes  of  Madison  and  from 
various  small  streams  and  marshes. 

The  Fulton  plant  is  located  on  the  Yahara  River  above  its 
junction  with  the  Rock  River. 

A  peculiarity  of  the  under  soil  of  the  area  robs  the  river  at 
Janesville  of  that  tmiformity  of  flow  throughout  the  months 
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Fig.  4. — General  character  of  variations  of  stages  of  water 
throughout  the  year. 


of  each  year  which  might  be  expected  from  thel  considerable 
area  of  lakes  and  marshes  which  contribute  to  the  waters  of 
the  river.  A  substratum  of  sand  and  gravel  or  sandy  nature 
lies  beneath  the  surface  soil  and  carries  a  heavy  flow  of  under- 
ground water  throughout  the  year.  It  may  be  reasonably  sup- 
posed that  a  goodly  proportion  of  the  total  waters  discharged 
from  the  area  are  found  in  this  underground  flow  and  that  the 
apparent  river  flow  suffers  most  of  the  fluctuations  following 
precipitation,  thus  causing  an  increased  ratio  between  the  waters 
discharged  by  the  river  in  the  high-  and  low-water  months  of 
each  year. 

The  gaugings  of  the  Rock  River  do  not  extend  as  far  into  the 
past  as  could  be  wished,  and  those  records  that  exist  are  meager 
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and  were  mostly  taken  at  stations  below  Janesville,  but  the 
drainage  area  extending  to  one  of  those  stations  is  of  the  same 
general  character  as  the  area  above  Janesville,  and  estimates 
of  the  Janesville  flow  must  be  based  on  those  gaugings.  It 
seems  on  this  basis,  that  the  Janesville  Electric  Co.,  after  rais- 
ing its  dam  at  Fulton  a  little,  can  afford  to  install  water-wheels 
with  a  capacity,  as  a  probable  ultimate  limit  of  2  500  h.p.  to 
meet  the  requirements  of  increasing  loads.  Four  fifths  of  this 
capacity  would  be  about  equally  divided  between  the  Central 
and  Monterey  plants  and  the  remainder  would  be  located  at 
Fulton.  This  equipment  wotild  be  made  with  the  expectation 
of  taking  the  utmost  advantage  of  the  storage  ponds  at  the 
dams  for  the  purpose  of  helping  over  peak-loads  which  demand 


4ii 

" 

1 



v|:fiag 

F 

■ 

— 

i 

S 

d 

n^ 

'AL 

L 

z 

k 

< 
EI 

' 

IBSi 

ia$ 

I 

ie 

14 

\ 

i^^ 

&<it 

iag' 

i§i 

SL 

ii 

9^ 

\ 

^00 

vol 

i9o; 

190 

3 

10 

J  + 

Fig.  5. — Annual  rainfall  on  drainage  area  of  Rock  River, 
averaged  from  records  taken  at  eleven  stations. 


more  power  than  the  normal  flow  of  the  nver  at  the  time,  but 
do  not  exceed  the  capacity  of  the  water-wheel  installation. 
When  the  load  has  grown  to  make  this  water-wheel  capacity 
needed,  it  may  be  expected  to  operate  as  much  as  five  hundred 
or  six  hundred  horse  power  of  the  steam  reser\^e  for  several 
hours  per  day  during  the  months  of  November  and  December, 
and  small  amounts  of  steam  power  will  likely  be  required  for 
short  times  during  some  days  in  other  months, — such  as  the 
months  of  August  and  September  when  the  flow  of  the  river 
is  ordinarily  at  a  minimum,  or  the  months  of  March  or  April 
for  the  days  of  excessively  high  water  accompanied  by  decreased 
head  caused  by  back  water.  Fortunately  the  flow  curve  of 
the  river  has  its  lowest  position  in  months  when  experience 
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shows  that  the  demand  for  electrical  energy  is  likely  to  be 
relatively  small,  and  the  total  use  of  steam  power  for  the  year 
may  be  decidedly  small. 

Fig.  4  shows  the  general  slope  of  the  flow  curve  of  the  river 
during  a  year.  This  is  merely  typical,  and  is  introduced  to 
indicate  the  months  of  the  year  when  the  low  and  high  water 
may  be  expected.  The  actual  flow  curve  of  the  river  has  many 
sinuosities  not  shown. 

Rain  fall  records  taken  within  the  drainage  area  of  the  Rock 
River  do  not  extend  far  enough  into  past  years  to  be  very 
serviceable  as  an  aid  to  estimating  the  stability  of  the  water 
power  considered  for  a  cycle  of  years,  but  Fig.  5  shows  the 
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Fig.  6. — Records  of  rainfall  at  Beloit  and  Milwaukee. 
Full  line,  Beloit;  broken  line,  Milwaukee. 

annual  rainfall  averaged  for  11  stations  on  the  drainage  area 
and  extending  back  for  14  years.  Fig.  6  shows  the  annual 
rainfall  as  observed  for  50  years  past  at  the  cities  of  Beloit 
and  Milwaukee.  Beloit  is  located  on  the  Rock  River  some  14 
miles  below  Jancsville.  Milwaukee  is  located  directly  on  the 
shore  of  Lake  Michigan,  some  80  miles  east  of  Janesville  and 
a  few  miles  east  of  the  eastern  boundary  of  the  Rock  River 
water  shed.  The  effect  of  the  environment  of  Milwaukee  makes 
its  rainfall  records  of  little  use  for  consideration  in  connection 
with  the  Rock  River  area. 

The  Janesville  Electric  Company  has  made  remarkable  pro- 
gress under  efficient  management.  During  the  year  1905  the 
electrical  output  aggregated  nearly  2  000  000  kw-hr.  which 
was  absorbed  by  a  city  of  15  000  inhabitants.     The  correspond- 


600  JACKSON:  WATER  POWERS.  [May  31 

ing  output  for  the  year  1903  was  little  exceeding  one  half  as 
great.  During  the  year  1905,  which  was  the  first  year  in  which 
the  full  advantage  of  the  water  power  at  the  Central  plant 
was  available,  there  were  only  five  days  during  which  the 
steam  reserve  was  operated  on  account  of  lack  of  water  power; 
these  were  the  first  five  days  of  April  when  the  water  reached  a 
height  greater  than  had  been  recorded  in  the  previous  20  years. 
During  these  days,  three  fourths  of  the  Fulton  output  was 
sent  to  Edgerton  because  the  power  of  the  low  head  Indian  Ford 
dam  was  wiped  out  by  the  high  water,  and  the  Edgerton  supply 
had  to  be  purchased  from  the  Fulton  plant,  though  ordinarily 
the  Fulton  plant  only  furnishes  power  to  Edgerton  in  the 
winter  time,  to  help  out  with  the  peak  load  between  five  and  six 
o'clock.  During  the  early  part  of  the  year  1905  a  steam  driven 
generator  was  operated  in  connection  with  the  street  railway 
service,  but  this  was  due  to  the  fact  that  the  generating  capacity 
had  not  been  fully  installed.  During  the  very  last  part  of  the 
year,  the  same  condition  arose  on  account  of  the  growth  of  the 
output,  and  a  steam-driven  generator  was  connected  on  the 
street  railway  service  nearly  every  evening  for  a  short  time, 
but  this  condition  will  be  helped  after  the  pending  Monterey 
improvements  have  been  completed  this  summer. 

The  saving  in  the  cost  of  fuel  over  operating  a  steam-driven 
station  is  sufficient  of  itself  to  make  a  good  return  for  the  extra 
cost  of  the  power  development. 

The  plants  are  also  fairly  economical  from  the  standpoint  of 
the  labor  required,  considering  the  division  between  three  sites. 
The  Fulton  plant,  which  operates  upon  peak  loads,  is  operated 
and  cared  for  by  one  man  who  lives  in  the  vicinity  of  the  plant. 
When  important  repairs  arc  required,  men  are  sent  from  Janes- 
ville,  but  otherwise  this  one  man  furnishes  all  required  labor. 
The  Monterey  plant  is  operated  for  the  24  hours  by  two  men, 
one  man  on  each  12-hour  shift.  The  Central  plant  is  operated 
by  four  men,  two  men  on  each  12-hour  shift.  Thus  the  three 
stations  require  a  total  of  7  operating  attendants  on  the  pay 
roll,  whose  labor  is  distributed  during  the  24  hours.  These  men 
have  the  care  of  substantially  1  200  kw.  in  generating  capacity 
beside  tub  transformers,  water-wheels,  steam  reserves,  etc.  If 
the  plants  were  combined  in  a  single  steam-driven  station  fur- 
nishing the  same  variety  of  service,  such  a  station  would  probably 
require  an  aggregate  of  more  than  seven  operating  attendants 
on  the  pay  roll. 
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SOME  FUNDAMENTAL  CHARACTERISTICS  OF  MERCURY 
VAPOR  APPARATUS. 


BY    PBRCY  H.  THOMAS. 


Introductory. 

The  characteristic  of  the  type  of  mercury  vacuum  apparatus, 
invented  and  developed  by  Mr.  Peter  Cooper  Hewitt,  which 
distinguishes  it  most  clearly  from  other  forms  of  vacuum  tubes, 
is  its  power  of  passing  a  comparatively  large  continuous  current 
with  a  constant  and  comparatively  insignificant  voltage  loss. 
There  are,  of  course,  other  important  features  of  this  mercury 
vapor  apparatus  characteristic  to  it,  such  as  the  negative  elec- 
trode starting  resistance ;  the  disintegrating,  reconstructing 
negative  electrode,  etc. 

It  is  the  object  of  the  present  paper  to  discuss  a  number  of 
the  more  prominent  fundamental  characteristics  of  mercury 
vapor  apparatus,  and  their  reactions  on  the  related  electric 
circuits;  and  further  to  suggest  a  conception  of  the  nature  of 
these  phenomena  which  shall  be  consistent  with  the  latest 
theory  of  electricity.  A  certain  amount  of  repetition  of  in- 
formation already  published  will  be  unavoidable. 

Electrical  Characteristics  op  the  Current  Path 
IN  the  Vacuum. 

Current  passing  through  the  vacuum  space  in  the  mercury 
vapor  apparatus  experiences  a  loss  of  voltage,  the  numerical 
value  of  which  tends  to  remain  constant  independent  of  the 
current  strength,  except  with  small  currents;  for  example, 
currents  less  than  one  or  two  amperes.  Although  this  voltage 
loss,  or  drop,  is  practically  independent  of  the  current  strength, 
it  still  is  not  of  the  nature  of  the  coimter  electromotive  force  of 
a  storage-battery  or  motor,  which  latter  are  capable  of  delivering 
current  in  a  reverse  dire<:tion  on  the  removal  of  the  supply 
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electromotive  force.  Neither  is  it  equivalent  to  an  ohmic  re- 
sistance, for  it  is  of  an  entirely  different  nature.  It  cannot  be 
properly  spoken  of  as  a  resistance  at  all ;  it  is  a  voltage  loss. 

This  loss  is  the  sum  of  three  other  losses,  more  or  less  dif- 
ferent in  character;  that  is,  the  vapor  loss,  the  positive  electrode 
loss,  and  negative  electrode  losses. 

Vapor.  1.  The  voltage  loss  in  the  vapor  increases  with 
increase  of  vapor  pressure,  and  more  or  less  closely  in  propor- 
tion to  this  pressure;  consequently,  since  the  mercury  vapor 
is  saturated  and  its  pressure  depends  directly  upon  the  tem- 
perature of  the  mercury  electrode,  the  vapor  voltage  loss  is 
more  or  less  proportional  also  to  the  temperature  of  the  mer- 
cury electrode  or  electrodes. 

2.  The  voltage  loss  depends  upon  the  chemical  composition 
of  the  vapor;  that  is,  it  will  be  different  with  oxygen,  hydrogen, 
and  air,  even  at  the  same  pressure ;  and  all  of  these  give  a  much 
greater  loss  than  mercury,  which  is  one  of  the  great  advantages 
in  the  use  of  the  latter. 

3.  The  voltage  loss  is  directly  proportional  to  the  length  of 
the  vapor. 

4.  The  voltage  loss  is  inversely  proportional  to  the  diameter 
of  the  vapor  path,  but  not,  as  might  be  supposed,  inversely 
as  the  area  of  the  path. 

5.  The  voltage  loss  is  nearly  independent  of  the  current 
strength,  but  varies  slightly  in  a  direction  opposite  to  the 
current.  The  curv^es  of  Fig.  1  show  the  change  of  volt- 
age with  change  of  current,  and  are  characteristic  respectively 
of  the  voltage  across  a  3.5-ampere  commercial  lamp  and  30- 
ampere  commercial  converter  bulb.  These  curves  show  directly 
the  total  voltage  across  the  apparatus,  but  virtually  represent 
the  resistance  of  the  vapor,  plus  a  constant  loss  of  perhaps  10 
volts  at  the  electrodes. 

Positive  Electrode:  The  loss  of  voltage  which  occurs  at  the 
positive  electrode  is  practically  independent  of  the  current 
strength.  The  energy  represented  by  this  voltage  appears  as 
heat  at  the  surface  of  the  electrode.  The  material  of  the 
solid  positive  electrode  seems  to  have  no  appreciable  direct 
effect  on  the  volts  lost,  but  a  mercury  positive,  except  when 
perfectly  cold,  has  a  loss  some  volts  higher  than  the  solid, 
probably  because  of  a  layer  of  comparatively  dense  vapor 
produced  at  its  surface  by  the  current.  This  is  usually  to  the 
disadvantage  of  the  mercury  electrode.     As  the  watts  energy 
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liberated  in  the  form  of  heat  at  the  positive  electrodes  in  a 
commercial  apparatus  may  be  quite  considerable,  the  solid 
positive  electrodes  have  a  further  advantage  over  mercury  in 
that  they  will  become  heated  during  operation,  and  radiate  a 
considerable  portion  of  the  heat  developed  on  them,  as  heat  is 
radiated  from  a  hot  coal.  This  puts  no  burden  on  the  cooling 
power  of  the  bulb  itself,  while  mercury  positive  electrodes  will 
be  kept  cool  by  the  evaporation  of  the  mercury  and  additional 
vapor  must  be  condensed  by  the  bulb.  The  voltage  loss  on  the 
positive  electrodes  is  usually  found  to  vary  a  good  deal,  but 
not  on  account  of  current  variation.     Its  minimum  value  is 
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about  5  volts.  Apparently  on  account  of  an  accumulation  at 
this  electrode  of  a  certain  amount  of  some  foreign  gas,  such  as 
air,  which  has  already  been  stated  to  have  a  higher  resistance 
than  mercury  vapor,  the  positive  electrode  loss  appears  often 
more  than  5  volts.  The  loss  is  practically  independent  of  the 
temperature  of  a  solid  positive  electrode. 

Negative  Electrode:  During  normal  operation  there  is  also  a 
voltage  loss  at  the  negative  electrode,  practically  independent 
of  the  current.  In  a  mercury  electrode  this  loss  is  probably 
about  4  volts.  It  is  practically  independent  of  temperature 
and  physical  form. 

This  loss  of  voltage  during  operation  must  be  distinguished 
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from  the  resistance  to  starting,  residing  at  the  negative  electrode 
and  lisually  called  the  negative  electrode  starting  resistance, 
or,  more  briefly,  the  negative  electrode  resistance. 

The  ctirrent  enters  the  negative  electrode  through  a  very 
clearly  defined  small,  bright  area,  or  "  spot,"  even  on  very 
large  electrodes,  which  normally  flits  about  rapidly  over  the 
whole  surface  when  not  subjected  to  the  influence  of  a  magnetic 
field.  When,  however,  a  magnet  is  brought  into  the  neigh- 
borhood, the  electrode  spot  is  driven  to  one  side  as  far  as  the 
edge  of  the  electrode.  By  providing  an  amalgamated  metallic 
body  at  the  surface  of  the  electrode,  the  negative  electrode 
spot  may  be  caused,  under  some  conditions,  to  rest  quietly  on 
the  surface  at  the  junction  of  the  mercury  and  the  solid  mate- 
rial. 

The  negative  electrode  spot  causes  a  violent  agitation  on  the 
surface  of  the  mercury  and  acts  as  though  it  exerted  a  pressure 
downward,  making  a  depression  on  the  siuiace.  There  is,  at 
the  same  time,  a  very  rapid  evaporation  of  mercury  at 
this  point,  which  seems  to  be  an  essential  part  of  the  transfer 
of  the  current  from  the  vacuimi  space  to  the  electrode  proper. 
At  the  same  time  that  the  negative  spot  is  vaporizing  mercury, 
it  is  also  heating  the  electrode  itself,  which  finally  becomes  so 
hot  as  to  cause  further  vaporization.  The  evaporated  mercury 
is  cooled  and  condensed  by  contact  with  the  bulb,  on  the  inside 
of  which  it  collects  in  drops.  The  drops  grow  larger  and  finally 
run  down  into  the  electrode,  tending  to  cool  it. 

Thus  by  the  passage  of  current,  the  negative  electrode  is 
heated  and  mercury  evaporated — and  further  the  vapor  itself 
and  the  +  electrode  are  heated.  Since  the  coolest  surface  in 
contact  with  the  vapor  is  the  bulb,  the  vapor  condenses  on  its 
surface,  so  that  the  heat  which  was  abstracted  from  the  mercury 
electrode  by  evaporation  is  delivered  to  the  bulb  by  condens- 
ation. There  is  in  addition  some  heat  radiated  directly  from 
the  +  electrode  when  this  is  of  solid  material.  As  there  is  a 
best  pressure  for  the  mercury  vapor  in  the  operation  of  the 
apparatus,  it  is  evident  that  there  must  be  a  definite  relation 
between  the  heat  generated  and  the  heat  radiated  or  dissipated 
by  the  bulb.  In  mercury  vapor  lamps  this  fact  leads  to  the  use 
of  the  so-called  "condensing  chamber,"  for  the  light-giving  tube 
alone  has  not,  in  the  sizes  used  in  practice,  sufficient  cooling 
surface  and,  furthermore,  it  is  preferable  that  the  condensation 
shall  not  occur  where  it  can  obstruct  the  passage  of  light.     In 
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converters  the  main  object  is  to  get  as  much  cooling  surface 
as  possible  with  the  shortest  practicable  vapor  path. 

The  operating  negative  electrode  when  the  ctirrent  does  not 
exceed  3  or  4  amperes,  and  the  temperature  is  comparatively 
low,  has  a  remarkable  characteristic  in  that  it  experiences  at 
irregular  intervals  an  extremely  sudden  and  abrupt  return  of 
the  negative  electrode  starting  resistance.  This  may  occur  in 
any  degree  of  severity  and  at  any  instant.  The  tendency, 
However,  lasts  but  for  the  briefest  instant  of  time  and  has 
little  or  no  effect  on  an  ammeter  measuring  the  current  in 
the  apparatus.  As  could  be  expected  in  view  of  this  behavior, 
it  is .  desirable  to  provide  a  mercury  vapor  apparatus  using 
small  currents,  such  for  example  as  the  3.5-ampere  lamp, 
with  special  means  for  overpowering  this  momentary  increase 
of  resistance.  The  well  known  choke-coil  (properly  called  a 
sustaining  coil)  used  in  connection  with  Mr.  Hewitt's  lamps, 
serves  this  purpose.  It  is  evident  that  when  once  the  current 
has  been  established  in  the  coil,  any  action  tending  to  stop 
the  current  is  resisted  by  the  energy  stored  in  the  coil,  so 
that  by  making  the  coil  large  enough,  this  resistance,  which 
exists  only  the  briefest  instant  of  time,  will  be  entirely  over- 
come. This  tendency  practically  disappears  with  currents  over 
4  or  5  amperes,  and  also  when  the  negative  electrode  is  very 
hot.  It  is  most  severe  on  a  cold  negative  and  on  a  small  cur- 
rent. With  one  ampere  on  a  cold  negative  it  is  very  difficult 
to  secure  steady  operation  of  the  negative  electrode.  This 
tendency  is,  to  a  certain  extent,  cumulative;  that  is  to 
say,  a  certain  choke-coil  will  run  the  lamp  a  few  seconds,  a 
large  coil  a  few  minutes,  a  still  larger  coil  an  hour,  while  per- 
haps a  still  larger  coil  will  be  necessary  for  continuous  opera- 
tion. It  occurs  absolutely  independently  of  any  variation  in 
the  supply  voltage. 

Its  most  unexpected  feature  is  its  extreme  abruptness,  probably 

at  least  of  the  order  of  ^^  part  of  a  second.     Of  course, 

lUU  uuu 

only  choke-coils  with  open  magnetic  circuits  can  respond 
quickly  enough  to  be  of  service  in  counteracting  this  impulse. 
As  a  natural  result  of  the  extreme  abruptness  of  this  action, 
it  has  been  found  that  even  a  very  slight  electrostatic  capacity, 
such  as  the  capacity  between  a  twisted  pair  of  insulated  wires 
10  ft.  long,  has  a  great  weakening  action  on  the  coil  if  connected 
between  it  and  the  negative  electrode.     This  result  seems  out 
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of  proportion  to  the  value  of  the  energy  stored  in  the  capacity 
to  the  energy  stored  in  the  choke-coil.  Presumably  the  brief 
instant  required  for  the  instantaneous  charging  of  this  small 
capacity  which  must  be  accomplished  before  the  choke-coil 
can  supply  voltage  to  the  electrode,  is  sufficient  to  allow  the 
negative  electrode  resistance  to  be  established. 

f 
Starting  Characteristics. 

A  voltage  considerably  higher  than  the  normal  operating 
voltage  may  be  required  for  starting  the  flow  of  current  through 
the  vacuimi.  For  a  tube  of  definite  diameter  the  difference  be- 
tween the  starting  and  the  operating  voltages  is  very  small  for 
short  lengths  of  tube,  perhaps  up  to  10  diameters.  But  the 
operating  voltage  increases  directly  as  the  length,  while  the 
starting  voltage  increases  more  nearly  as  the  third  power  of 
the  length,  so  that  for  long  tubes  there  is  a  very  considerable 
increase  of  voltage  required  for  starting.  On  the  other  hand, 
the  starting  voltage  is  lessened  by  increasing  the  diameter 
of  the  tube.  This  high  starting  voltage  is  partly  due  to  the 
necessity  of  establishing  a  path  through  the  opposing  gas,  and  to 
vapor  molecules  initially  filling  the  whole  space.  Once  such  a 
path  has  been  established  with  a  considerable  volume  of  current, 
a  much  less  voltage  will  evidently  keep  it  clear.  In  many  types 
of  apparatus  it  is  found  convenient  to  start  on  an  auxiliary 
positive  electrode  placed  near  the  negative  and  transfer  the  cur- 
rent to  the  main  positive  electrode  after  starting.  In  this  case 
the  starting  resistance  of  the  vapor  path  to  the  main  positive 
electrode  must  be  overcome  before  normal  operation  can  be 
established.  In  a  converter  bulb  where  the  distance  between 
the  negative  and  the  positive  electrodes  is  comparatively 
short,  no  greatly  increased  voltage  is  required  for  starting  the 
current  through  the  vapor  path  proper.  In  a  lamp  tube  45  in. 
long  and  1  in.  in  diameter,  such  as  is  used  in  one  type  of  com- 
mercial lamp,  several  times  the  operating  voltage  may  be  re- 
quired for  starting  the  current  through  the  vapor,  independent 
of  the  negative  elect-rode  starting  resistance.  A  high  resistance 
filament  connected  to  the  +  electrode  and  extending  into  the 
neighborhood  of  the  negative  will  reduce  this  vapor  starting 
resistance  by  allowing  the  current  to  climb  up,  so  to  speak. 

Positive  Electrode:  There  appears  to  be  no  resistance  to 
starting  at  the  positive  electrode  other  than  the  normal  oper- 
ating resistance. 
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Negative  Electrode:  The  negative  electrode  starting  resistance 
is  too  well  known  to  need  further  description.  There  are  two 
well  known  methods  of  overcoming  this  starting  resistance: 

1.  By  establishing  a  current  through  a  complete  metallic 
circuit  within  the  vacuum,  and  breaking  this  circuit  within 
the  vacuum,  in  which  case  the  original  current  will  continue 
to  flow,  since  the  negative  electrode  resistance  never  has  a 
chance  to  assert  itself.  This  result  may  be  accomplished  by 
having  two  mercury  electrodes  which  may  be  brought  into 
contact  by  tilting  the  container,  or  otherwise,  or  by  moving 
suitable  parts  from  outside  by  a  magnet.  This  type  of  starting 
is  one  of  the  most  commonly  used  at  the  present  time. 

2.  The  second  method  of  starting  consists  in  directly  apply- 
ing a  high  potential  with  or  without  the  addition  of  various 
means  for  reducing  the  starting  resistance. 

This  negative  electrode  starting  resistance  is  a  very  variable 
quantity  and  ranges  from  almost  nothing  to  many  thousand 
volts,  according  to  conditions.  It  is  very  much  greater  with 
a  cold  electrode,  especially  a  cold  mercury  electrode.  It  is 
dependent  upon  the  form  and  surroimdings  of  such  an  electrode, 
and  especially  upon  the  potential  or  charges  on  the  outside  and 
inside  of  the  insulating  walls  which  confine  the  electrode.  If 
the  negative  electrode,. as  shown  in  Fig.  3,  is  provided  with  a 
metallic  strip,  called  a  starting  band,  outside  the  container,  and 
this  strip  be  charged  at  a  potential  different  from  the  electrode, 
the  starting  resistance  is  weakened  or  may  be  entirely  overcome. 
On  the  other  hand  if  this  band  or  strip  be  connected  to  the 
negative  electrode  itself,  the  negative  electrode  resistance  is 
rendered  more  stable  since  it  is  protected  from  charges.  This 
is  the  principle  made  use  of  by  Mr.  Hewitt  in  starting  some  of 
his  lamps,  and  has  been  already  fully  described  by  him.  The 
connections  are  shown  in  Fig.  2.  In  this  figure  the  interruption 
of  the  current  in  the  quick-break  switch  5  causes  a  momentary 
high  potential  impulse  from  the  choke-coil  /,  which  is  applied, 
both  to  the  starting  band  in  the  neighborhood  of  the  negative 
electrode  and  to  the  main  positive  electrode.  The  former 
serves  to  break  down  the  starting  resistance  of  the  negative 
electrode,  and  the  latter  supplies  the  starting  voltage  for  the 
vapor  path.  In  this  method  of  starting,  a  small  spark  or 
scries  of  sparks  can  be  seen  jumping  from  the  edge  of  the  nega- 
tive electrode  to  the  inside  surface  of  the  glass  opposite  to  the 
starting  band,  whi(*h  surface  forms  the  inside  coating  of  a  small 
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condenser,  the  starting  band  being  the  outside  coating.  This 
small  spark  is  undoubtedly  what  overcomes  the  negative  elec- 
trode resistance. 

Physical  Nature  of  Vapor  Conduction. 
It  is  interesting  to  speculate  as  to  the  nature  of  the  phe- 
nomena connected  with  mercury  vapor  apparatus,  and  to  en- 


+ 


xsmai^ 


Fig.  2.      Circuit  for  high-tension  starting  of  direct-current  lamps. 
R  is  ohmic  resistance.     5  is  a  quick-break  switch     /  is  inductance. 


deavor  to  discover  some  assumption  upon  which  they  can  be 
explained,  which  shall  also  be  consistent  with  the  best  hypo- 
thesis as  to  the  nature  of  electricity.  The  writer  has  gradually 
arrived  at  a  way  of  looking  at  these  things  which  explains 
nearly  all  of  them  quite  satisfactorily,  and  it  is  here  described 
for  what  it  may   be  worth,   with   the  distinct  understanding 


1906.]        THOMAS:  MERCURY  VAPOR  APPARATUS.  609 

that  it  is  merely  a  tentative  theory  until  a  sufficiently  com- 
plete body  of  information  shall  be  available  to  prove  or  dis- 
prove it. 

We  may  assume  that  by  electricity  is  meant  a  greater  or  less 
number  of  those  small  particles,  described  by  J.  J.  Thomson 
as  having  a  mass  of  about  j-^  P^^t  of  the  hydrogen  atom, 
called  electrons.  A  current  of  electricity,  then,  is  nothing 
but  a  stream  of  these  electrons.  Since  they  move  in  a  di- 
rection opposite  to  the  conventional  current  direction,  they 
are  said  to  carry  a  negative  charge;  whether  the  electrons  are 
electricity  or  carry  charges  of  electricity  is  immaterial  in  this 
case.  When  we  have  a  direct  current  passing  through  mer- 
cury vapor  apparatus,  we  have  a  continuous  stream  of  electrons 
passing  from  the  negative  to  the  positive  electrode  within  the 
vacuum  and  returning  through  the  external  circuit,  which  must 
include  a  source  of  electromotive  force.  These  electrons  are 
caused  to  move  by  the  electromotive  force  of  the  circuit,  which 
causes  an  increase  of  potential  (that  is,  a  deficiency  of  electrons) 
at  the  positive  and  a  decrease  of  potential  (that  is,  a  surplus 
of  electrons)  at  the  negative;  or,  to  put  it  another  way,  a 
static  charge  is  produced  on  the  positive  electrode  which  at- 
tracts the  electrons,  while  they  are,  of  course,  repelled  from  a 
negative  charge  on  the  negative  electrode.  The  moving  elec- 
tron, like  a  moving  electric  charge,  stores  energy  electromag- 
netically;  that  is,  has  inertia. 

These  electrons  are  invisible  of  themselves  and  pass  with 
extreme  velocity,  naturally  in  straight  lines  and  where  unre- 
strained tend  to  spread  apart  and  fill  the  whole  vapor  path. 

In  a  mercury  vapor  apparatus  the  voltage  loss  in  the  vapor 
itself  is  supposed  to  be  due  largely  to  the  presence  of  molecules 
or  atoms  of  gas  in  the  path  of  the  electrons  which  impede  their 
free  motion.  Since  the  greater  the  number  of  gas  molecules  in 
a  given  space  the  greater  the  pressure,  it  is  natural  to  suppose 
that  increase  of  pressure  would  mean  increase  of  resistance  to 
the  electrons.  Furthermore  these  gas  atoms  or  molecules  are 
agitated  and  set  in  vibration  in  being  struck  by  electrons  and 
are  caused  to  give  off  both  light  and  heat.  The  light  naturally 
will  be  the  spectrum  light  of  these  particular  atoms;  that  is,  the 
particular  color  or  colors  corresponding  to  the  natural  period 
of  vibration  of  this  particular  kind  of  atom. 

When  the  pressure  is  sufficiently  high,  the  electrons,  instead 
of  spreading  through  the  whole  space  are  forced  into  a  narrow 
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stream  in  the  center,  and  the  obstructing  molecules  are  at  least 
partly  forced  to  the  outside,  to  be  spectators  as  it  were. 
This  effect  can  be  very  easily  seen  by  heating  the  condensing 
chamber  of  a  mercury  vapor  lamp  with  a  flame  imtil  the  vapor 
reaches  a  comparatively  high  pressure,  the  current  will  then 
"  string";  that  is,  will  be  confined  to  a  brilliant,  thin,  sinuous 
line  near  the  center  of  the  tube. 

The  varying  specific  resistances  of  different  gases  is  easily 
explained  by  the  differences  in  the  character  of  the  molecules. 

The  negative  electrode  is  assumed  to  be  the  source  of  the 
electrons  which  enter  the  vapor,  and  the  phenomenon  of  the 
negative  electrode  starting  resistance  is  easily  explained;  that 
is,  if  we  imagine  the  small  electrons  to  be  material  particles, 
a  considerable  force  would  be  required  to  cause  them  to  break 
out  from  inside  the  hquid  mercury  surface  on  accoimt  of  its 
surface  tension,  while  when  once  the  flow  is  estabhshed  on  a 
large  current,  it  is  easy  to  imagine  that  either  on  account  of 
the  extreme  local  heating  at  the  surface  of  the  negative  elec- 
trode, or  the  rapid  evaporation  of  mercury  into  vapor  at  the 
negative  spot,  there  should  be  no  opportimity  for  the  formation 
of  a  new  surface  on  the  mercury  which  could  re-establish  the 
electrode  resistance.  On  the  other  hand,  with  small  currents 
it  is  found  that  the  surface  tension  is  able  to  reestablish  itself 
in  spite  of  the  current,  so  that  with  currents  of  intermediate 
values  it  would  be  expected  that  at  inter\^als  the  mercury  would 
be  able  to  reestablish  the  normal  surface  when  accidentally 
the  conditions  should  be  favorable.  Hence  the  advantage  of 
employing  a  sustaining  coil  in  connection  with  apparatus  using 
small  currents.  The  lessening  of  the  negative  electrode  start- 
ing resistance,  and  the  lessening  of  the  importance  of  the  sus- 
taining coil  with  the  heating  of  the  electrode  correspond  properly 
with  the  corresponding  reduction  in  surface  tension. 

The  normal  operating  voltage  loss  at  the  negative  must  be 
connected  with  the  separation  of  the  electron  from  the  mer- 
cury atom  and  the  evaporation  of  mercury. 

According  to  the  assumption,  it  should  be  noticed  that  the 
source  of  electrons  is  not  the  ionization  of  the  gas  or  vapor 
within  the  container  as  in  many  other  experiments — such  as 
the  passing  of  current  through  air  ionized  by  X-rays — but  is 
the  negative  electrode  itself;  that  is,  within  the  vapor  space 
during  the  flow  of  current  we  should  find  normally  no  positive 
ions  (which  are  to  be  taken  as  atoms  or  groups  of  atoms  which 
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have  been  deprived  of  one  or  more  electrons),  only  the  electrons 
drawn  out  of  the  negative  electrode.  Thus  it  would  be  possible  to 
pass  current  through  the  apparatus,  even  were  it  to  have  a  per- 
fect vacuum  within.  Although  the  resistance  to  starting  in  an  ap- 
paratus in  this  condition  is  very  high  on  accotmt  of  the  extreme 
surface  tension,  and  on  accoimt  of  the  absence  of  positive  ions 
(as  more  fully  explained  in  a  later  paragraph),  yet  once  the 
apparatus  is  started,  the  passage  of  current  is  exceptionally  easy 
and  no  light  is  obtained.  It  is  actually  found  that  with  cold 
mercury  electrodes  no  light  appears  with  currents  of  over  100 
amperes.  This  is  a  very  interesting  point,  as  it  has  commonly 
been  supposed  that  a  perfect  vacuum  is  a  non-conductor; 
whereas  the  truth  probably  is  merely  that  a  perfect  vacuum 
has  an  extremely  high  starting  resistance,  but  is  a  most  perfect 
conductor  once  current  has  been  established. 

The  question  naturally  arises:  why  the  negative  electrode  re- 
sistance does  not  exist  in  connection  with  arcs  between  elec- 
trodes in  air  at  atmospheric  pressure?  It  is  possible  that  the 
following  is  the  proper  explanation:  the  application  of  a  suffi- 
ciently high  potential  previous  to  the  breaking  down  of  the 
gap  upon  a  spark-gap  in  air  causes  an  ionization  of  the  air  be- 
tween the  electrodes,  the  negative  electrons  being  attracted 
to  the  positive  electrode,  and  the  positive  ions  to  the  negative 
electrode.  The  negative  electrons,  of  course,  enter  the  positive 
electrode  without  difficulty,  while  the  positive  ions  are  stopped 
at  the  surface  of  the  negative  electrode  on  account  of  the  nega- 
tive electrode  resistance,  and  attract  electrons  from  within 
the  metal  of  this  electrode  up  to  the  surface.  We  then  have 
positive  and  negative  charges  attracting  each  other,  and  sep- 
arated merely  by  the  siuiace  of  this  electrode,  which  causes  a 
tremendous  strain  and  is  stifficient  to  withdraw  electrons  from 
the  negative  electrode  to  neutralize  the  positive  ions,  thus 
breaking  down  the  negative  electrode  resistance.  According 
to  this  theory  (there  being  no  ionization  of  vapor),  no  positive 
ions  will  be  formed  in  the  mercury  vapor  apparatus  and  no 
such  strain  produced  on  the  negative  electrode ;  in  other  words, 
the  vacuum  causes  the  withdrawal  of  the  positive  charge  (which 
tends  to  start  the  negative)  from  the  surface  of  the  negative 
as  in  the  air  to  the  positive  electrode  with  a  vacuum;  thus 
very  much  reducing  the  strain  produced  on  the  negative.  Hence 
the  mercury  vapor  acts  as  though  it  could  not  be  ionized  in 
the  same  sense  as  oxygen  or  nitrogen,  which  is  more  or  less 


612  THOMAS:  MERCURY  VAPOR  APPARATUS.     [May  31 

nattiral  in  view  of  the  monatomic  nature  of  mercury  vapor, 
especially  at  vacuum  pressures.  This  theory  beautifully  ex- 
plains the  **  softening  "  of  X-ray  tubes  by  the  production  within 
the  vacuimi  space  of  a  slight  amount  of  gas,  which  becoming 
ionized  renders  the  cathode  more  easily  broken  down. 

X-ray  tubes,  Crooke's  tubes,  and  similar  vacuum  apparatus 
cannot  operate  as  the  vapor  electric  apparatus  of  Mr.  Hewitt, 
for  two  reasons: 

1.  Because  they  are  not  operated  with  a  supply  capable  of 
furnishing  enough  energy  to  break  down  completely  the  nega- 
tive electrode  resistance  and  reduce  it  to  a  normal  running 
value;  and  2,  because  they  are  so  physically  constituted  as  to 
destroy  themselves  if  operated  with  supply  apparatus  of  suffi- 
cient energy  for  operating  Cooper  Hewitt  apparatus. 

It  should  be  noted  that  within  the  vacuum  space  of  a  mercury 
vapor  apparatus  are  two  streams  of  material ;  electrons  passing 
from  the  negative  to  the  positive  electrode,  and  the  atoms  of 
mercury  vapor  passing  from  the  negative  electrode  spot  and 
other  hot  mercury  surfaces  to  the  cooler  parts  of  the  container, 
where  they  condense.  Both  of  these  streams  of  particles, 
though  so  radically  different  in  character,  have  the  power  of 
sweeping  with  them  atoms  and  molecules  of  any  gas  which 
may  be  found  within  the  vacuum  space;  i.e.,  any  such  residual 
gas  tends  to  collect  at  the  positive  electrode,  or  at  the  con- 
densing surface  of  the  retainer.  In  the  latter  location  it  is 
very  readily  absorbed  by  the  condensing  mercury,  which  ex- 
plains the  fact  that  some  apparatus,  originally  in  slightly  imper- 
fect condition,  will  improve  with  actual  operation.  At  the 
positive  electrode,  however,  if  sufficient  in  quantity,  this  accu- 
mulated gas  will  usually  raise  the  voltage  of  the  apparatus  on 
account  of  its  intrinsically  high  specific  resistance,  and  may 
also  cause  an  excessive  heating  of  the  electrode. 

On  account  of  the  general  acceptance  of  the  hypothesis  that 
electricity  is  constituted  of  or  connected  with  electrons  which 
pass  from  the  negative  electrode  to  the  positive  electrode  in 
the  vapor  path,  it  has  been  proposed  to  reverse  the  convention 
as  to  direction  of  the  electric  current  adopted  long  ago,  before 
any  marked  diflerencc  between  positive  and  negative  had  been 
discovered;  viz.,  the  convention  that  current  runs  from  the  car- 
bon to  the  zinc  element  of  a  battery  in  the  external  circuit. 

We  then  should  say  that  a  positive  current  is  one  which 
passes  from  the  mercury  electrode  of  a  vapor  lamp  to  the  iron 
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electrode,  and  an  electron  would  carry  a  positive  charge  or  be 
a  positive  charge  according  to  the  particular  assumption  as  to 
the  nature  of  electricity  which  might  be  accepted.  Such  a 
change  would  certainly  be  highly  desirable,  except  for  the 
great  probability  of  confusion  for  some  time  afterward. 

Mercury  Vapor  Lamp. 

As  a  lamp,  the  mercury  vapor  apparatus  has  a  number  of  in- 
teresting characteristics.  Its  great  efficiency,  which  in  long 
tubes  reaches  J  watt  per  c.p.  (exclusive  of  resistance  losses), 
is  obtained  only  when  nm  under  the  most  favorable  condi- 
tions; for  example,  only  with  the  proper  vapor  pressure, 
current;  and  tube  diameter.  Mercury  vapor  is  a  much  more 
efficient  material  for  light  production  than  most  other  gases 
and  vapors  whether  used  alone  or  mixed.  The  addition  of 
atmospheric  air,  for  example,  to  mercury  vapor,  even  in  very 
small  quantities,  increases  the  voltage  on  the  tube  very  much, 
thus  increasing  the  energy  supplied. 

The  spectrum  of  mercury  vapor  is,  furthermore,  one  of  the 
most  complete  and  usable  gas  spectra;  it  contains  a  variety  of 
colors  in  substantially  equal  proportions,  chiefly  an  orange- 
yellow,  a  yellow,  a  blue  and  a  violet,  with  a  smaller  amount 
of  a  green-blue.  The  only  portion  of  the  spectrum  not  pretty 
well  represented  is  the  red,  which,  generally  speaking,  is  the 
least  desirable  color.  The  mercury  spectrum  has  proved  to  be 
excellent  physiologically,  and  extremely  well  adapted  to  most 
mechanical  processes.  It  is  possible  of  course  by  the  addition 
of  other  gases  to  add  red  to  the  spectrum,  which  may  then  be 
quite  prominent,  especially  if  means  are  taken  to  condense  a 
portion  of  the  mercury  vapor.  In  general,  however,  these 
combinations  of  gases  are  more  or  less  likely  to  deterioration 
and  alteration,  and  have  a  considerably  lower  efficiency  than 
pure  mercury  vapor.  For  most  purposes  the  color  would  not 
be  more  desirable  with  the  addition  of  red. 

Light  Efficiet^cy:  The  efficiency  of  mercury  vapor  as  a  source 
of  light  follows  a  number  of  laws.  1,  the  watts  per  candle- 
power  vary  with  the  pressure  of  the  vapor,  having  a  minimum 
at  a  certain  pressure,  as  shown  in  Fig.  3,  which  is  from  a  test 
on  a  commercial  type  of  lamp.  2,'  it  is  nearly  independent  of 
the  current  streng4;h  within  certain  limits,  in  this  case  it  being 
assumed  that  the  pressure,  temperature,  etc.,  are  constant. 

3.  Superheating  the  tube,  and  consequently  that  portion  of 
the  vapor  emitting  light,  seems  to  have  little  efiEect. 
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It  will  be  seen  by  the  cur\'es  in  Fig.  3,  on  which  is  shown 
the  normal  lamp  voltage  characteristic,  that  is,  the  relation 
between  current  and  voltage  of  the  operating  lamp,  that  the 
most  efficient  light  giving  point  is  at,  or  nearly  at,  the  point 
of  lowest  voltage  on  this  characteristic.  This  is  fortunate, 
since  for  purposes  of  regulation  this  is  a  most  desirable  point 
to  operate  the  lamp.  Above  this  most  efficient  point  the 
pressure  of  the  merciu^'  vapor  increases  rapidly,  and  while  also 
increasing  the  candle-power  it  increases  the  voltage  in  the  tube 
in  still  higher  proportion.  Below  this  point  the  voltage  on 
the  lamp  rises,  probably  partly  on  account  of  traces  of  residual 
gas  not  exhausted  in  the  pumping,  which  causes  a  great  dropping 
oflE  of  the  quantity  of  light  and  the  efficiency.     These  residual 


Fig.  3. 

gases  are  here  more  prominent  on  account  of  the  lower  mer- 
cury temperature  and  vapor  pressure. 

It  is  evident  that  the  temperature  of  the  mercury  electrode 
and  the  pressure  of  the  mercury  vapor  resulting  from  a  given 
current  will  depend  directly  upon  the  air  temperature  sur- 
rounding the  lamp.  In  the  commercial  types  of  lamp,  however, 
the  actual  change  in  efficiency  from  change  in'  atmospheric 
temperature  is  very  vslight  throughout  the  practical  working 
range.  This  results  from  the  flat  form  of  the  lamp  character- 
istic near  the  point  of  3.5  amperes,  as  seen  in  Fig.  1. 

Lamps  may  be  made  for  various  uses  with  different  diam- 
eters of  light-giving  tubes.  The  diameter  most  commonly 
used  and  suited  to  3.5  amperes  is  1  in.,  or  a  trifle  less,  in  inside 
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diameter.  To  give  the  same  intrinsic  intensity  with  other 
diameters  the  current  should  be  varied  in  proportion  to  the 
cross  section  of  the  tube;  that  is,  for  a  2-in.  tube  we  should  re- 
quire about  14  amperes.  Since  the  voltage  decreases  as  the 
diameter  of  the  tube,  and  since  at  the  same  intrinsic  brilliancy 
the  quantity  of  light  increases  as  the  diameter  on  account  of 
the  larger  surface,  we  should  expect  double  the  light  and  double 
the  energy  consumed  with  the  larger  tube.  It  is  found  by 
measurement,  however,  that  the  larger  tubes  are  somewhat 
more  efficient,  so  that  there  is  a  saving  of  20  to  25%  on  the 
efficiency  for  2-in.  over  that  of  1-in.  tubes — inversely  with  smaller 
tubes  and  the  appropriate  currents.  With  smaller  tubes,  however, 
the  difficulty  of  maintaining  the  negative  alive  becomes  very 
much  greater  on  account  of  the  small  current  which,  as  already 
explained,  is  subject  to  momentary  impulses  tending  to  stop 
the  flow  of  current. 

There  can  be  no  one  proper  method  of  measuring  the  candle 
power  of  a  Cooper  Hewitt  lamp;  first,  on  account  of  the  fact  that 
the  color  of  the  lamp  is  different  from  the  color  of  any  accepted 
standard,  and  because  it  is  a  spectral  against  a  continuous 
spectrum;  and  secondly,  because  the  light-giving  tube  is  not  a 
point,  and  the  law  of  inverse  squares  does  not  hold  except  at 
very  great  distances.  For  commercial  tests  the  candle  power 
of  the  lamp  should  not  be  measured  at  a  great  distance,  since 
the  lamp  has  a  practical  advantage  over  most  other  lights 
from  its  tubular  form,  which  comparative  advantage  it  would 
lose  were  the  candle-power  measured  at  a  considerable  distance. 
Where  it  is  important  actually  to  define  the  candle  power  of 
these  lamps,  the  particular  method  of  measurement  to  be  used 
must  be  specified. 

Alternating-Current  Lamp:  The  principle  of  the  alternating- 
current  lamp  is  generally  well  understood  by  this  time,  the 
circuits  being  shown  in  Fig.  4.  Referring  to  this  figure  it  is 
evident  that  during  one  alternation,  current  is  supplied  from 
one  half  of  the  transformer  secondary  through  the  lamp  tube 
back  to  the  neutral  point,  and  during  the  other  alternation 
by  the  other  half  of  the  transformer  secondary  through  the 
tube  to  the  same  point,  and  that  the  choke-coil  in  the  negative 
lags  the  current  over  the  zero  points. 

The  light  from  the  alternating-current  lamp  is  practically 
equivalent  to  that  from  the  direct  current,  since  in  the  Hght- 
giving  portion  of  the  tube  the  light  is  substantially  direct 
current. 
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On  25  cycles,  by  providing  a  larger  choke-coil  in  the  nega- 
tive than  is  necessary  in  the  60-cycle  lamp,  the  natural  tendency 
to  flicker  with  the  period  of  the  25  cycles  is  eliminated. 

Starting:  The  method  of  starting  in  the  type-C  alternating- 
current  lamp  is  an  extension  of  that  of  the  direct-current  lamp 
and  is  of  some  interest.  A  small  electrode  or  pin  is  placed  in 
the  head  of  the  lamp  as  shown  in  Fig.  4,  and  connected  to  one 
of  the  positives  through  a  rather  high  ohmic  resistance.  In 
starting,  the  lamp  is  tilted  so  that  the  mercury  forms  a  con- 
tinuous stream  from  the  negative  to  the  positive  end  and  is 
carried  by  its  momentum  up   around  the  inside  end  of  the 
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Fig.  4.  -Starting  and  operating  circuits  for  type-C,  alternating- 
current  lamp. 
A  is  an  autotransfonner.       /^'  is  a  starting  resistance.     R  is  lamp 
resistance.     /  is  inductance. 


tube  until  it  touches  the  pin  which  is  placed  on  the  top  side  of 
the  tube.  On  account  of  the  irregularity  of  the  flow  of  the  mer- 
cury it  here  makes  and  breaks  contact  with  the  pin  a  number 
of  times,  each  time  causing  a  breakdown  of  the  negative  elec- 
trode resistance,  cither  on  the  column  of  mercury  or  the  pin. 
In  the  latter  case  the  lamp  will  go  out  at  the  end  of  the  alter- 
nation. If,  however,  the  mechanical  break  at  the  pin  occurs 
during  such  an  alternation  that  the  mercury  column  is  the 
negative  the  lamp  will  start  to  operate  upon  the  pin.  and  that 
main  positive  electrode  to  which  the  pin  is  not  connected  as 
positive  electrodes  and  the  mercury  stream  as  the  negative. 
Then,  on  account  of  the  starting  resistance  connected  with  the 
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pin,  the  current  will  be  immediately  transferred  from  it  to  the 
corresponding  positive,  and  the  lamp  is  started.  The  lamp  is 
then  returned  to  its  normal  position  and  all  the  mercury  flows 
back  to  the  negative.  If,  now,  there  were  no  resistance  between 
the  pin  and  its  positive  electrode,  and  assuming  the  lamp  to 
have  been  started  during  tilting  by  one  of  the  breaks  between 
the  mercury  and  the  pin,  it  is  evident  that  if  the  mercury 
touches  the  pin  again,  that  the  lamp  will  go  out,  since  for 
this  instant  the  flow  of  current  does  not  enter  the  vapor 
at  all  (on  account  of  the  metallic  connection  between  negative 
and  one  positive).  That  is  to  say,  if  it  were  not  for  this  re- 
sistance which  prevents  current  when  once  transferred  to  both 
main  positives  from  being  withdrawn  by  a  subsequent  con- 
nection between  the  mercury  and  the  pin,  the  lamp  would  be 
started  and  put  out  and  started  again  repeatedly.  Only  the 
last  break  between  the  mercury  and  the  pin  would  count  in 
starting,  and  we  should  fail  to  light  the  lamp  more  often  than 
we  succeed.  As  an  actual  matter  of  fact,  lamps  have  been  built 
which  started  practically  every  tilt,  though  the  average  com- 
mercial lamp  is  not  expected  always  to  light  at  the  first  trial. 

Mercury  Vapor  Converter. 

The  Cooper  Hewitt  apparatus  may,  as  is  well  known,  be  uti- 
lized to  supply  direct  current  from  an  alternating  current 
supply  by  virtue  of  the  negative  electrode  resistance.  No  further 
description  of  the  general  method  of  accomplishing  this  result 
is  necessary  at  this  time.  The  converter  may  be  nm  single 
phase,  in  which  case  a  connection  similar  to  that  already  de- 
scribed in  Fig.  4,  except  for  starting  circuits,  is  generally  used, 
though  it  may  be  three-phase,  four  phase,  etc.,  in  which  case 
no  choke-coil  in  the  direct-current  circuit  is  usually  required. 

Starting:  In  a  converter  a  very  short  vapor  path  is  purposely 
provided,  and  the  starting  is  easily  accomplished  by  breaking 
a  metal  circuit  in  the  vacuum  as  already  described,  for  the  cur- 
rent is  here  easily  transferred  from  the  starting  to  the  main 
positive  electrode.  The  method  can  be  easily  seen  from  Fig.  5, 
which  shows  a  form  of  commercial  bulb  used  for  a  single- 
phase  converter  together  with  starting  circuits.  There  are  two 
electrodes  of  mercury,  one  being  the  main  negative  and  the 
other  a  starting  electrode.  By  shaking  these  two  together, 
passing  current  through  and  separating  them,  the  negative 
electrode  resistance  is  broken  down  and  the  voltage  upon  the 
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main  positive  electrodes  forces  current  to  flow  to  the  main 
negative.  The  supplementary  positive  should  then  be  cut 
out  of  the  circuit.  Converters,  however,  can  be  started 
by  starting-band  and  high-tension  impulse,  or  by  the  direct 
application  of  sufficiently  high  potential. 

In  cases  where  the  converter  is  to  feed  a  storage-battery,  it 
will  be  noted  that  the  electrical  connection  shown  in  Fig.  4 
for  the  alternating-current  lamp  is  not  perfectly  satisfactory, 
on  account  of  the  comparatively  large  direct  current  sent  by 
the  battery  through  the  transformer  winding  when  the  negative 
and  starting  electrodes  are  connected,  which  is  in  the  wrong 
direction  to  start  the  negative  electrode  as  a  negative.  The 
high  impedance  of  the  sustaining  coil  prevents  any  considerable 
alternating  current  from  flowing,  but  does  not  seriously  limit 
the  flow  of  direct  current  from  the  battery,  which  thus  tends  to 
make  the  starting  positive  a  negative.  The  difficulty  may  be 
avoided  by  the  method  shown  in  Fig.  5,  By  this  method  the 
battery  is  made  to  start  the  supplementary  electrode  as  a 
negative,  whereupon  the  main  positives  start  operation  with 
the  supplementary  as  a  negative,  passing  current  through  both 
the  resistance  R  and  the  battery,  through  the  coil  T.  If  then 
a  second  connection  is  made  between  the  starting  and  the  main 
negative  electrode,  the  current  is  shunted  from  the  coil  T 
through  the  main  negative,  and  on  the  second  separation  the 
main  negative  starts  in  the  proper  direction,  as  current  is  now 
passing  against  the  battery  instead  of  from  it.  On  account 
of  the  liquid  character  of  the  mercury,  it  is  found  by  experience 
that  with  one  tilting  operation  two  "  makes  "  and  '*  breaks  " 
arc  ordinarily  produced  between  the  main  and  starting  elec- 
trode, so  that  the  initial  starting  on  the  supplementary  electrode 
and  the  transfer  to  the  main  negative  occur  almost  together 
so  as  not  to  be  distinguishable  by  the  eye.  The  vStarting  circuit 
should  usually  be  cut  out  during  regular  operation.  By  making 
the  coil  r,  a  magnet  for  tilting  the  bulb,  the  starting  is  auto- 
matic. This  method  has  an  advantage  over  other  apparatus 
for  automatic  starting  in  that  it  is  not  necessary  to  operate  any 
switches  in  the  main  circuit  carrying  the  heavy  current;  the 
only  cut-out  that  is  necessary  is  the  disconnection  of  the  start- 
ing circuit  which  carries  at  most  one  or  two  amperes. 

Converter  Bulbs:  There  are  very  few  new  fundamental  fea- 
tures or  conditions  introduced  into  the  mercury  vapor  ap- 
paratus in  its  use  as  a  converter.     One  characteristic,  however, 
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deserves  mention;  there  is  a  tendency,  under  certain  conditions, 
for  the  negative  electrode  resistance  of  a  positive  electrode  to 
fail,  which  causes  current  to  flow  from  some  other  positive 
directly  to  the  positive  in  question,  causing  practically  a  direct 


Fig.  5. — Battery  starting  circuit  for  converter. 


short-circuit  on  the  system.     By  proper  design  this  tendency 
can  be  controlled  very  effectively. 

The  chief  feature  of  interest  of  the  converter  is  in  the  new 
electrical  relation  introduced  into  the  receiving  and  supply 
circuits  by  the  introduction  of  the  converter.     Before  discussing 
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this  relation,  however,  it  will  be  well  to  say  a  few  words  on  the 
biilb  itself.  The  heat  represented  by  the  14  volts  lost  in  the 
vacuum,  times  the  current  actually  flowing,  must  be  dissipated 
by  the  bulb.  Artificial  cooling  means  may  be  used  such  as 
fans,  immersion  in  oil,  water,  etc.  Furthermore,  a  certain 
portion  of  this  heat  is  dissipated  as  radiant  energy  from  the 
positive  electrodes,  when  these  are  made  of  solid  material. 

Although  it  is  possible  to  operate  converter  bulbs,  utilizing 
as  seals  for  introducing  current  one  or  more  platinum  wires  of 
the  general  character  of  those  used  for  seals  in  commercial 
types  of  lamps,  still  it  is  highly  desirable  on  currents  over  20  to 
25  amperes  to  have  seals  for  entering  the  current  to  the  bulb 
which  shall  be  able  to  carry  momentarily  a  great  deal  more 
current  without  cracking  the  glass.  Such  a  seal  has  been  de- 
vised by  forming  platinum  into  a  cup-shaped  piece,  having  a 
threaded  boss  on  both  the  inside  and  the  outside  of  the  bottom 
of  the  cup.  The  glass  is  sealed  to  the  outer  edge  of  the  cup, 
and  the  electrode  stem  and  external  lead  respectively  are  con- 
nected to  the  two  threaded  bosses.  In  this  form  of  seal  the 
current  does  not  pass  through  the  metal  which  is  directly 
sealed  to  the  glass,  so  that  the  glass-platinum  joint  is  heated  only 
by  heat  conduction. 

Parallel  Running:  Vapor  converters  can  be  run  in  parallel 
under  proper  conditions  without  difficulty.  The  general 
condition  determining  satisfactory  paralleling  is  that  the  volt- 
age absorbed  in  each  of  the  paralleled  circuits  shall  increase 
at  least  slightly  with  increase  in  current,  since  this  insures  a 
division  of  current  between  the  two  circuits.  If  two  devices 
be  used  in  parallel  of  such  a  nature  that  with  increase  in  current 
a  less  voltage  is  absorbed,  such  as  most  mercury  vapor  lamps,  it 
is  evident  that  the  more  current  one  of  these  devices  takes,  the 
more  current  it  tends  to  take  in  proportion  to  the  other  device 
on  account  of  its  lowered  voltage.  The  bulb  of  a  vapor  con- 
verter also  is  usually  a  device  of  this  character;  that  is,  an  in- 
crease in  current,  the  temperature  remaining  constant,  causes  a 
decrease  in  voltage  throughout  the  operating  range.  In  such 
cases  they  cannot  be  connected  in  parallel  directly,  since  one 
bulb  or  the  other  would  instantly  take  all  the  current.  By 
the  insertion  somewhere  in  the  paralleled  circuits  of  a  sufficient 
amount  of  ohmic  or  inductive  resistance,  so  that  the  additional 
voltage  absorbed  in  the  resistance  on  any  increase  in  current 
shall  be   greater   than   the   decrease  in  voltage  in  the  bulb, 
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satisfactory  parallel  operation  is  obtained.  Since  the  voltage 
change  on  the  bulb  would  not  ordinarily  be  more  than  a  volt 
or  two,  a  very  slight  amount  of  resistance  is  sufficient  to  insure 
good  operation.  Obviously,  inductance  may  be  substituted 
for  resistance  in  such  parts  of  the  paralleled  circtiits  as  carry 
alternating  or  intermittent  currents. 

Since  small  currents  usually  require  the  stored  energy  of  a 
sustaining  coil  to  maintain  them  in  operation  in  a  converter 
as  well  as  in  a  lamp,  if  a  single  sustaining  coil  be  placed  in  the 
portion  of  the  circuit  common  to  two  bulbs  connected  in  par- 
allel, the  impulse  of  the  coil,  which  would  otherwise  maintain 
either  negative  electrode  in  operation  at  the  time  of  the  mo- 
mentary tendency  to  drop  out,  will  be  discharged  through  the 
other  bulb  as  the  easier  path,  and  the  first  converter  will  drop 
out.  Consequently,  for  such  types  of  apparatus  it  is  desirable 
that  each  bulb  have  its  own  sustaining  coil  included  in  the 
part  of  the  circuit  belonging  to  this  bulb  alone. 

The  sustaining  coil  has  the  function  of  supplying  energy 
at  low  voltage  during  the  zero  points  of  the  electromotive  force. 
If  one  sustaining  coil  be  utilized  for  two  or  more  bulbs  under 
conditions  in  which  energy  is  not  required  for  resisting  the 
instantaneous  impulses  of  the  negative  electrode,  it  must  provide 
energy  for  both  bulbs.  Fortunately,  if  the  coil  is  powerful 
enough  the  energy  will  be  delivered  to  both  bulbs,  provided 
the  two  circuits  are  so  arranged  with  resistances  or  otherwise 
as  to  operate  in  parallel  on  the  generator. 

Since  a  somewhat  increased  voltage  is  required  in  the  bulb 
in  starting,  to  overcome  the  vapor  starting  voltage,  it  is  ordi- 
narily more  difficult  to  start  one  of  a  number  of  bulbs  connected 
in  parallel  after  another  has  been  started.  For  the  voltage 
which  is  normally  lost  during  running  in  resistance  in  other 
parts  of  the  circuits,  is  available  in  a  bulb  operating  singly  as 
an  excess  starting  voltage,  while  with  one  of  a  number  of  par- 
alleled bulbs  operating,  since  the  voltage  between  the  alter- 
nating-current and  direct-current  sides  of  the  other  bulbs  has 
been  brought  to  the  operating  value  by  the  first  bulb  started, 
this  excess  voltage  is  not  available  for  starting  the  second  bulb. 

A  number  of  bulbs  designed  to  operate  in  parallel  can  be 
arranged  automatically  to  cut  themselves  in  and  out,  either 
according  to  the  load,  or  by  the  accidental  dropping  out  of  one 
of  the  several  bulbs  in  operation.  .For  this  purpose  the  auto- 
matic tilting  and  starting  arrangements  used  with  single  bulbs 
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can  be  controlled  by  series  magnets  in  the  load  circuit  or  in 
the  individual  bulb  circuits. 

Series  Operation:  A  very  interesting  application  of  vapor 
converters  is  the  operation  of  series  direct-current  arc  lamps 
from  a  constant-current  alternating  supply.  Where  a  mod- 
erate nimiber  of  lamps  is  to  be  operated  in  series,  a  single  bulb 
will  fiimish  a  sufficiently  high  direct-current  voltage;  where 
many  arc  lamps  are  to  be  operated,  two  or  more  converter  bulbs 


Fig.  7. — Series  connection  for  converter  bulbs. 

A ,  B,  and  C  are  independent  secondaries  to  the  common  primary  D. 

D  is  fed  by  a  constant  alternating  current. 


may  be  used  as  shown  in  Fig.  7,  by  which  arrangement  the 
direct-current  voltage  of  the  various  bulbs  is  available  in 
series  in  the  arc  circuit.  By  the  use  of  sufficiently  powerful 
sustaining  coils  it  is  possible  to  utilize  current  obtained  from 
25  cycles  without  material  flickering  of  the  arcs.  This  is  an 
extremely  important  gain  for  the  users  of  25-cycle  systems. 
Bulbs  in  series  may  be  started  as  individuals  and  afterwards 
thrown  in  series  either  on  short-circuit  or  lamp  load;  or  they 
may  be  started  on  a  common  short  circuit  or  even  on  the  arc 
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circuit  itself,  the  connections  for  accomplishing  this  purpose 
being  comparatively  easily  devised. 

Ratio:  The  "ratio"  of  a  vapor  converter  is  a  rather  tmcertain 
term,  but  may  be  determined  in  any  given  cases  as  follows: 

Any  single-phase  vapor  converter  operated  from  a  three-wire 
soiu-ce,  or  a  transformer  with  a  middle  point,  is  practically 
equivalent,  as  far  as  the  direct-ciurent  circuit  is  concerned, 
to  the  application  of  the  original  altemating-cturent  to  the 
direct-current  circuit  (including  the  sustaining  coil)  with  the 
negative  supply  alternations  reversed.  This  gives  a  pulsating 
voltage,  the  pulsations  being  of  sine  form  and  nmning  to  zero 
for  one  instant  twice  every  cycle.  The  choke-coil  smooths 
out  the  current  pulsations  more  or  less  according  to  its  power 
and  the  character  of  the  direct-current  load.  The  smoothing 
action  is  much  greater  with  a  load  of  ohmic  resistance  than  with 
a  storage-battery  or  motor  or  other  consumption  device  having 
a  constant  potential  feature.  The  direct-current  voltage  is 
measured  ordinarily  by  a  direct-current  voltmeter  which  gives 
the  average  reading,  not  the  effective  reading,  of  the  pulsating 
voltage,  while  the  altemating-cturent  voltage  is  measured  by 
an  alternating  current  voltmeter  which  measures  effective 
values;  so  that  the  direct-current  instrument  will  show  a  read- 
ing on  the  same  voltage  of  approximately  -^  that  of  the 
alternating-current  instnunent.  This  difference  appears  in  the 
ratio  of  the  vapor  converter.  Since  only  one-half  of  the 
voltage  across  the  positives  is  operative  at  any  one  time,  we 
have  in  addition  the  factor  i  between  the  voltage  across  the  posi- 
tives and  that  in  the  direct  current  supply,  so  that  the  voltage 
on  the  direct-current  side,  measured  by  direct  current  volt- 
meter, will  be  0.45  of  the  voltage  across  the  positives  in  the 
condition  assumed.  In  this  case  the  voltage  on  the  bulb  and 
all  auxiliary  losses  must  be  included  in  the  direct-ciirrent  load. 
If  an  alternating-current  instrument  be  used  for  measuring  the 
direct-current  voltage  a  somewhat  higher  ratio  (0.50  as  a  max- 
imum) may  be  obtained,  according  to  the  degree  of  smoothing 
accomplished  in  the  choke-coil.  The  smoother  the  direct  ciurent 
the  lower  the  ratio.  Both  alternating-current  and  direct- 
current  instruments  will,  of  course,  read  the  same  on  a  perfectly 
steady  current,  such  as  would  result  from  an  infinitely  powerful 
sustaining  coil.  A  wattmeter  on  a  vapor  converter,  having 
a  resistance  load,  will  show  a  power-factor  less  than  tmity, 
tmder  most  conditions,  and  yet  there  is  no  lag  between  the  zero 
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point  of  the  current  and  the  zero  electromotive  force  of  the  sup- 
ply. This  condition  results  from  a  distortion  of  the  current 
wave  resulting  from  the  action  of  the  sustaining  coil  in  the 
direct-current  circuit.  The  power-factor  appears  less  than 
tmity,  since  the  distortion  of  the  current  is  equivalent  to  the 
addition  of  higher  harmonics  which  being  of  a  different  period- 
icity from  the  supply  can  deliver  no  real  energy  while  still  in- 
creasing the  effective  value  of  the  current.  These  matters  are 
of  great  interest  and  practical  importance,  but  would  require 
too  much  space  for  further  discussion  in  this  paper. 

The  ratio  of  the  current  in  the  direct-current  load  to  that 
in  the  supply  circuit  is  one- half,  except  for  the  variations  of  in- 
strument indications  which  result  from  wave-form  distortion, 
and  except  for  the  fact  that  a  certain  amount  of  current  is  sup- 
plied to  the  load  by  the  sustaining  coil  at  periods  of  low  supply 
electromotive  force  which  current  does  not  appear  in  the  supply. 
It  is  here  assumed  that  the  supply  is  connected  directly  across 
the  positives. 

Current  Control:  Where  a  direct  current  of  constant  poten- 
tial is  desired  through  the  use  of  a  vapor  converter,  this  can 
be  properly  accomplished  by  the  direct  connection  of  the  work 
circuit  through  the  converter  and  a  sustaining  coil,  and  the 
constancy  of  the  direct  current  potential  will  be  directly  equal 
to  that  of  the  alternating-current  supply,  since  though  15 
volts  are  absorbed  by  the  bulb  this  value  does  not  increase 
with  increase  of  current. 

In  cases  where  it  is  desired  that  the  direct-current  potential 
shall  be  continuous,  even  when  no  direct  current  is  drawn,  it 
is  evident  that  with  single-phase  converters  auxiliary  means 
must  be  supplied  to  keep  the  bulb  in  operation.  This  is  accom- 
plished in  a  number  of  ways,  for  instance  by  a  shunt  which  is 
kept  always  running,  or  by  providing  a  separate  circuit  with  a 
separate  source  of  electromotive  force  passing  current  through 
the  bulb  from  separate  positive  electrodes  and  utilizing  the 
same  negative  as  the  main  circuit. 

Where  regulation  of  the  current  is  desired,  as  in  operating 
storage-batteries,  it  is  not  sufficient  to  provide  a  constant  po- 
tential alternating-current  supply,  but  some  means  equivalent 
to  the  adjustable  resistance  ordinarily  used  in  direct-current 
systems  for  this  purpose  is  necessary.  This  can  be  easily  ac- 
complished by  the  introduction  of  inductance,  preferably  ad- 
justable in  the  main  positives  or  in  the   supply.     Since  the 
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voltage  taken  up  by  the  resistance  or  inductance  is  fixed  as  the 
difference  between  the  supply  voltage  and  the  direct-current 
potential  by  changing  the  ohmic  value  of  this  "  resistance  '*  or 
backing,  we,  of  course,  alter  the  current  strength. 

Physical  Explanations  of  Slwrt  Circuits  in  Converters:  The 
general  assumption  or  hypothesis  upon  which  the  reactions  of 
the  vapor  apparatus  are  explained  in  the  early  part  of  this  paper 
needs  some  amplification  in  connection  with  the  converter. 
There  is  a  tendency  for  the  negative  electrode  resistance  to  fail 
in  one  of  the  positive  electrodes  in  some  types  of  bulbs  during 
the  time  that  it  is  impressed  with  a  negative  voltage  thus 
causing  a  short-circuiting  of  the  supply.  One  way  to  eliminate 
this  difficulty  is  to  interpose  around  the  electrode  a  screen 
to  obstruct  a  direct  line  from  the  non-operative  positive  elec- 
trode to  the  negative  electrode  or  to  the  bath  of  the  current 
between  the  negative  and  the  other  positive  electrodes.  Fur- 
thermore, this  tendency  is  very  much  reduced  by  the  elimina- 
tion of  the  last  traces  of  foreign  gases  or  vapors  originally  in 
the  bulb.  This  action  can  be  easily  explained  if  we  assume, 
as  already  described  in  connection  with  the  arc  in  air,  that  posi- 
tive ions  accumulating  on  the  surface  of  a  positive  electrode 
under  electric  strain  will  cause  the  negative  electrode  starting 
resistance  to  fail. 

Thus  we  may  assume  that  a  part  or  the  whole  of  the  residual 
gas  (as  distinguishable  from  mercury  vapor)  remaining  within 
the  bulb  becomes  ionized  by  the  operation  of  the  converter. 
Then  the  electrons  will  be  attracted  to  the  operating  positive 
electrode,  while  the  positive  ions  will  be  attracted  to  the  other 
positive  electrode  since  that  is  at  a  lower  potential  than  the 
negative,  where  they  may  be  capable  of  initiating  a  short-circuit. 
The  introduction  of  the  screen  above  mentioned  will  evidently 
prevent  the  positive  ions  from  reaching  the  negatively  charged 
positive  electrode  since  they  are  attracted  thereto  in  straight 
lines  and  will  be  held  by  the  force  of  attraction  against  the 
surface  of  the  screen.  If  there  be  an  excessive  quantity  of 
ions,  however,  some  of  them  may  find  their  way  around  the 
shield,  especially  in  view  of  repulsion  by  those  initially  accu- 
mulated on  the  screen,  and  finally  cause  a  short-circuit. 


The  writer  wishes  to  make  an  apology  for  the  very  incomplete 
and  rather  heterogeneous  nature  of  the  information  given  in 
this  paper,  but  the  very  great  amount  of  space  and  effort  that 
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would  be  reqmred  for  giving  a  complete  discussion  of  this  ap- 
paratus is  prohibitive,  and  it  is  hoped  that  such  as  is  given 
will  be  of  value. 

Much  infonnation  which  has  been  published  elsewhere  has  been 
used  here  for  the  sake  of  having  such  data  consistently  stated 
and  collected  in  one  place. 
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Discussion    on    **  Some  Fundamental  Characteristics   op 

Mercury  Vapor  Apparatus,"  at  Milwaukee,  Wis., 

May  31,  1906. 

C.  P.  Steinmetz  :  As  stated  in  the  concluding  sentence ,  this  paper 
is  not  confined  to  new  matter,  it  is  also  somewhat  historical  in  that 
it  reviews  in  part  much  of  the  work  that  has  been  done  with 
mercury  arc  apparatus.  As  regards  the  statement  of  facts 
contained  in  the  paper,  in  general  I  agree  with  the  author;  but 
with  his  interpretations  and  explanations  of  facts  I  must  disa- 
gree to  a  considerable  extent,  partly  for  the  reason  that  the  paper 
describes  as  features  of  a  special  class  of  phenomena  features  which 
are  characteristic  of  a  far  more  general  class  of  phenomena ;  that 
is,  characteristics  of  arcs  in  general,  the  common  carbon  arc,  well 
known  to  us  for  a  century,  as  well  as  the  mercury  arc.  Further- 
more, well-known  features  are  re-explained  in  connection  with 
the  mercury  arc  by  the  introduction  of  new  terms;  for  instance, 
the  so-called  cathode  or  negative  resistance,  which  is  nothing 
more  than  a  reiteration  of  the  fact  that  an  electric  arc  does  not 
start  itself,  but  must  be  started.  That  was  known  a  century 
ago  by  Davy,  when  he  drew  the  first  powerful  arc  by  putting 
battery  terminals  together  and  then  separating  them.  But 
Davy  did  not  introduce  the  term  **  negative  resistance,"  he 
merely  stated  the  phenomenon,  which  since  that  time  has  been 
used  by  every  designer  and  operator  of  arc  lamps,  though  I  do 
not  think  many  of  the  designers  and  operators  have  ever  heard 
anything  about  negative  resistance. 

Some  of  the  explanations  in  the  paper  encroach  on  the  field  of 
metaphysics.  From  an  engineering  point  of  view  I  do  not  see 
any  advantage  in  entering  this  field,  which  for  centuries  has 
been  the  playground  of  human  thought.  My  experience  pro- 
tests against  it,  and  as  far  as  possible  I  like  to  explain  phenomena 
in  what  I  consider  as  a  more  common-sense  way,  as  conclusions 
from  the  law  of  the  conservation  of  energy,  conservation  of 
matter,  etc. 

Taking  up  the  paper  a  little  more  in  detail,  the  first  three 
pages  contain  as  description  of  the  electrical  characteristics  of 
the  mercury- vapor  arc  in  a  vacuum,  what  are  really  the  electrical 
characteristics  of  any  arc,  the  carbon  arc,  the  magnetite  arc, 
or  any  other  arc,  in  air  or  otherwise;  that  is,  a  drop  of  potential 
at  the  two  terminals,  which  is  approximately  constant  and 
independent  of  the  current,  and  a  drop  of  potential  in  the  arc 
proper,  the  arc  flame  or  vapor  stream,  whatever  you  may  call  it, 
which  is  of  the  character  of  a  resistance,  but  the  resistance  of 
a  conductor  which  makes  its  own  path.  Two  years  ago,  before 
the  International  Electrical  Congress  at  St.  Louis,  in  a  paper 
on  the  electric  arc,  I  discussed  these  phenomena,  and  gave  the 
theoretical  considerations  leading  to  the  derivation  of  the  equation 
of  the  volt-ampere  characteristic  of  the  arc,  of  which  a  special 
case  is  the  carbon  arc;  another  the  magnetite  arc,  known  to  all 
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of  us,  and  another  special  case  again  in  the  mercury  vapor  arc 
as  shown  on  the  third  page  of  the  present  paper. 

The  matter  is  very  simple  if  you  do  not  introduce  any  myste- 
rious conceptions,  but  look  at  it  merely  from  the  point  of  view 
of  the  law  of  conser\  ation  of  energy.  The  power  available  in  the 
arc-stream  is  the  volts  times  amperes.  This  power  has  to  be 
radiated  from  the  arc-stream,  and  the  power  radiated  from  the 
arc  stream  is  proportional  to  the  surface  of  the  arc-flame,  and 
depends  on  the  temperature  of  the  arc-flame.  This  immedi- 
ately gives  an  equation  relating  the  surface  of  the  arc-stream 
and  its  temperature,  with  the  volts  and  amperes.  Furthermore, 
the  section  of  the  arc-stream,  or,  more  properly,  the  volume  of 
the  arc-stream,  is  proportional  to  the  current,  and  this  gives  the 
second  equation  required.  From  these  two  equations  you  can 
derive  the  equation  between  volts  and  amperes  in  the  arc,  for 
any  condition  of  operation.  For  instance,  in  the  case  of  con- 
stant pressure ;  that  is,  constant  temperature  of  the  arc-stream, 
the  temperature  of  the  boiling  point  of  the  negative  material,  you 
get  the  characteristic  curv^e  of  the  carbon  arc  or  magnetite  arc. 
Or  you  can  derive  the  equation  between  volts  and  amperes  for 
an  arcof  constant  cross-section;  that  is,  the  arc  vapor  pressure 
varying  with  the  current,  and  the  temperature  varying  with  the 
current.  This  leads  you  to  an  equation  giving  the  cur\'e  on 
the  third  page  of  tlie  paper ;  with  reasonably  fair  approximation 
this  can  be  represented  by  the  following  equation: 

/ 


a  d  —  bi  —  c^- 


where : 

e    =  c.m.f.  consumed  by  mercury  arc, 

i    =  current, 

e^^  =^  13  volts  ^  potential  drop  at  temiinals, 

/    —  arc  length,  in  inches, 

d    =  arc  diameter,  in  inches, 
and:     a.  h,  and  c  are  constants: 

a    =  l.()S. 

b         can  have  two  different  values,  one: 

b    =^  0.114,  for  a  mercury  anode,  the  other, 

b    =  O.OOG,  for  a  gra])hite,  iron  or  other  solid  anode, 

c    =  1.3. 

The  constant  b  also  depends  on  the  size  of  the  condensing 
chamber,  and  the  constant  c,  to  a  limited  extent,  on  the  temper- 
ature of  the  air  surrounding^'  the  arc.  This  equation  and  the 
discussion  of  the  deviation  of  the  actual  curve  at  very  low  and 
very  hij^h  values,  from  this  rational  equation,  is  given  in  my 
paper  read  before  Section  1)  of  the  International  Electrical 
Congress.  The  paper  can  be  found  in  the  proceedings  of  that 
Congress. 

I  may  say  that  this  curve  is  a  characteristic  volt-ampere  curve 
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of  the  mercury  arc  in  permanent  condition;  that  is,  the  relation 
between  volts  and  amperes,  after  a  sufficient  length  of  time  has 
elapsed  to  reach  permanent  or  constant  condition.  From  this 
curve  it  would  seem  to  follow  that  at  4  amperes  or  more  the 
mercury  arc  could  be  operated  at  constant  impressed  voltage, 
without  steadying  resistance,  t'Ccause  the  voltage  rises  with  the 
current.  This  is  not  the  case.  The  mercury  arc,  like  any  other 
arc,  is  unstable  at  constant  impressed  voltage.  The  reason  is  that 
the  rate  of  change  of  electromotive  force  over  change  of  current, 
is  negative  throughout.  In  other  words,  if  you  change  the 
current  from  4  to  4.5  amperes,  the  voltage  drops,  and  then  grad- 
ually rises  again  to  the  voltage  given  in  this  curve  for  4.5  amperes: 

The  -7-.  is  negative,  as  in  any  arc.     The  value  of  -7-.   increases 
at  at 

with  decreasing  current;  that  is,  the  volt-ampere  characteristic^ 

becomes  very  steep  with  low  currents.     From  this  follows,  at 

low  current,  at  limited  impressed  voltage,  an  instability  of  the 

arc.     This  instability  is  an  inherent  feature  of  every  arc,  from 

the    carbon    arc   at   3500°  cent,    down   to    the    mercury-vapor 

arc,   at   something  between   200  and   250°  cent.      It  is  more 

pronounced   in   the   magnetite  arc   at  about  2000°  cent,   than 

in  the  carbon  arc,  and  more  pronounced  still  in  the  mercury  arc, 

due  to  its  still  lower  temperature.     But  any  arc,  if  you  run  down 

to  low  currents  at  limited  supply  voltage,  has  the  disagreeable 

feature  of  suddenly  putting  itself  out;  but  it  may  jump  and  start 

itself  again  if  the  voltage  is  high  enough.     A  remedy  for  this  is 

the  introduction  of  inductance  in  series  with  the  arc. 

This  matter  was  fully  investigated  by  Professor  Elihu  Thomson 
in  the  early  days  of  arc  lighting.  He  took  out  a  patent  for  the 
use  of  inductance  in  series  with  direct-current  arcs  to  steady  the 
arc  and  keep  it  from  rupturing  itself.  I  believe  the  patent 
expired  some  years  ago. 

The  feature  of  a  rotating  spot  on  the  negative  terminal,  de- 
scribed on  the  fourtii  page,  is  not  a  characteristic  of  the  mercury 
arc;  every  arc  having  a  liquid  of  fusible  negative  electrode 
shows  it.  In  the  development  of  the  magnetite  arc  lamp,  one 
of  the  most  difficult  problems  which  had  to  be  solved  was  to 
eliminate  the  flicker  due  to  the  rotating  spot  on  the  negative 
terminal.  It  has  been  successfully  done,  but  it  shows  that  this 
feature  is  not  characteristic  of  the  mercury  arc  alone,  but  is 
inherent  to  all  arcs  having  a  fusible  negative.  It  is  the  result 
of  mechanical  causes,  the  law  of  action  and  reactipn;  in  other 
words,  it  is  the  effect  of  the  recoil  or  reaction  of  the  arc-blast,  as 
I  have  described  in  the  paper  already  referred  to. 

The  "  negative  resistance  "  or  "  cathode  resistance,"  is  a  new 
and  I  believe  unnecessary  way  of  saying  that  the  arc  does  not 
start  itst^lf,  that  it  has  to  be  started;  this  is  a  very  well  known 
phenomenon,  and  is  nothing  but  a  necessary  conclusion  from 
the  law  of  conservation  of  energy.  An  electric  arc  is  the  passage 
of  current  between  two  terminals,  through  a  conducting  vapoi 
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bridge  consisting  of  the  material  of  the  negative  terminal,  issuing 
from  the  negative.  The  electric  spark  is  the  passage  of  current 
between  terminals  through  the  medium  of  the  gas  or  va|>or 
filling  the  space.  The  spark  will  pass  as  soon  as  there  is  a  suffi- 
cient voltage,  because  the  conducting  medium  is  there.  The 
arc  cannot  pass  without  first  establishing  the  bridge  of  conduct- 
ing vapor  from  the  negative  to  the  positive.  This  requires  the 
expenditure  of  energ>',  the  latent  heat  of  evaporation,  kinetic 
energy  of  motion  of  the  vapor  stream,  etc.,  and  this  energy  must 
be  expended  before  the  arc  can  exist.  Before  the  current  flows, 
no  energy  can  be  expended  by  the  electric  circuit,  and  therefore 
it  follows  that  the  electric  arc  by  the  law  of  conservation  of 
energy  cannot  spontaneously  start,  but  must  be  started. 

There  are  many  methods  of  starting  an  arc.  A  few  are  de- 
scribed in  the  paper.  One  is  to  bring  the  conductors  in  metallic 
contact  with  each  other  and  so  estabUsh  a  circuit,  and  then  sepa- 
rate them,  the  current  flowing  and  the  energy  required  to  pro- 
duce the  vapor  bridge  being  derived  from  the  electrical  energy 
of  the  current.  Another  well  known  method,  described  on  the 
seventh  page,  is  to  raise  the  potential  across  the  terminals  so 
high  that  the  energy  of  the  electrostatic  field  between  the  ter- 
minals, or  the  dielectric  displacement  current,  represents  suffi- 
cient energy  to  produce  the  vapor  bridge — to  jump  a  spark  across 
the  terminals,  which  will  be  followed  by  the  arc  if  there  is  suffi- 
cient power  behind  it.  This  is  a  way  to  start  arcs,  which  occas- 
ionally happens  without  the  wish  of  the  engineer,  and  at  unde- 
sired  places,  as  between  the  conductors  of  a  transmission  line. 
Hence  the  general  characteristic  is  that  the  energy  of  the  vapor 
stream  must  be  supplied.  It  can  be  supplied  by  another  arc. 
An  auxiliary  arc  may  be  produced,  as  it  was  done  in  some  older 
types  of  mercury-arc  lamps,  the  auxiliary  arc  supplying  the 
vapor  stream  which  is  used  in  the  main  arc.  The  operation  of 
the  mercury-arc  rectifier  depends  on  the  fact  that  there  are  two 
arcs  continuously  alternating;  one  of  the  alternating-current 
half -waves  passes  from  the  common  negative  to  the  one  anode 
as  positive,  and  the  next  half  wave  passes  to  the  other.  The 
vapor  stream  of  the  latter  wave  is  supplied  from  that  of  the  former, 
and  so  on,  so  that  each  half- wave  arc  starts  the  next,  by  supply- 
it  with  the  vapor  stream.  Another  way  to  start  an  arc  is  this: 
take  a  vacuum  tube  with  mercury  terminals,  with  the  voltage 
on,  and  shake  the  tube  rapidly;  the  rapid  shaking  in  a  high 
vacuum  (it  must  not  be  a  perfect  vacuum,  but  nearly  perfect) 
produces  static  sparks  due  to  the  mercury  hammer,  and  these 
sparks  produce  sufficient  conducting  mercury  vapor  to  start 
the  current,  especially  if  the  electrostatic  capacity  of  the  system 
is  increased  by  coating  the  outside  of  the  tube  at  the  mercury 
terminal  with  tin-foil,  and  connecting  this  with  the  opposite 
pole.  So  the  mercury  arc  can  sometimes  be  started  by  mere 
shaking,  if  the  vacuum  is  just  ri^^ht.  Another  way  is  to  bridge 
the  space  between  the  negative  and  positive  terminals,  by  a  con- 
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ducting  carbon  filament  and  raise  it  to  a  sufficiently  high  tem- 
perature; for  instance,  an  inverted  TZ-tube  with  two  mercury  ter- 
minals and  a  U-shaped  carbon  filament  dipping  into  both ,  will  start , 
if  connected  across  a  voltage  raising  the  filament  to  full  candle- 
power.  This  temperature  is  sufficient  to  produce  the  conducting 
mercury  vapor  to  start  the  arc.  Afterward  the  filament  can 
be  cut  out  by  mercury  vapor  pressure  or  other  means.  Some 
such  lamps,  based  on  the  starting  by  an  incandescent  filament, 
I  designed  some  six  or  seven  years  ago.  The  plunger  type  of 
mercury  arc  lamp,  as  used  on  series  circuits,  occasionally  starts 
in  this  manner,  if  for  some  reason  or  other  the  plunger  sticks 
in  starting.  The  general  requirement  of  starting  any  arc  is  to 
supply  the  energy  of  the  vapor  stream  by  some  source  before  the 
arc  exists. 

In  regard  to  the  author's  exposition  on  **  The  Physical  Nature 
of  Vapor  Conduction,"  I  have  read  it  twice  and  have  failed  to 
catch  its  meaning.  There  is  a  little  more  metaphysics  in  that 
section  than  I  am  used  to.  In  engineering  exposition  I  haVe 
always  endeavored  to  explain  everything  in  such  a  manner  as 
to  produce  a  physical  conception  of  it,  and  therefore  the  author's 
phrase,  '*  forcing  out  negative  electrons  from  a  cathode  "  is  too 
much  for  me.     So  also  the  statement  that: 

According  to  the  assumption  it  should  be  noticed  that  the  source  of 
electrons  is  not  the  ionization  of  the  gas  or  vapor  within  the  container,  as 
in  many  other  experiments,  etc. 

merely  means  in  plain  language,  that  in  the  arc  the  current  is 
carried  by  the  vapor  of  the  negative  terminal,  and  not  by  the 
gas  which  fills  the  space  between  the  terminals,  as  is  the  case 
in  the  electrostatic  spark.  Here  again  I  see  no  reason  to  circum- 
scribe by  hypothetical  conceptions  as  the  ionic  theory,  facts 
which  are  far  plainer  without  it.  It  seems  now  to  be  the  fashion 
among  engineers  to  look  at  everything  as  done  by  ions. 

In  regard  to  the  spectrum  of  the  mercury  arc,  I  wish  it  were 
as  stated.  But  the  orange-yellow  lines  have  a  wave  length  of 
about  57  microns;  that  is,  are  on  the  green  side  of  the  yellow 
line  of  the  sodium  spectrum,  and  the  yellow  line  is  greenish- 
yellow.  I  would  say  rather  that  the  Hnes  are  greenish-yellow, 
bright  green,  faint  dark-green^  blue,  and  two  violet  lines.  Sev- 
eral of  the  lines  are  doublets  or  possibly  triplets. 

In  regard  to  the  disclaimer  in  relation  to  the  measuring  of 
candle-power  of  mercury-arc  lamps,  I  consider  that  as  unfortu- 
nate, because  it  is  the  usual  custom.  Whoever  invents  a  **new 
and  revolutionary  "  method  of  lighting,  of  wonderful  efficiency 
far  higher  than  anything  ever  dreamed  of,  always  says:  the 
photometer  does  not  show  the  efficiency  of  the  wonderful  light; 
you  have  to  look  at  it  to  believe  it.  The  fact  is  that  the  mercury 
lamp  does  not  need  that  disclaimer.  It  is  indeed  of  an  extremely 
high  efficiency.  You  can  measure  it  by  getting  far  enough  away 
so  that  the  inverse-square  law  can  be  used.  If  you  use  it  for 
only  short  distances,  that  does  not  hinder  you  from  measuring 
the  total  flux  of  light  issuing  from  the  ^be  at  a  sufficient  dis- 
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tance  to  apply  the  inverse-square  law.  We  have  obtained  good 
results  with  the  ordinary  paratTin  block  photometer,  a  sheet  of 
tin-foil  cast  into  a  block  of  paraffin  and  held  between  the  two 
sources  of  light.  It  is  moved  until  both  sides  are  illuminated 
with  equal  brilliancy;  the  one  from  the  incandescent  lamp 
appears  yellow  and  the  other  green.  I  have  tried  it,  and  had 
fiiends  try  it,  and  it  is  remarkable  how  close  you  can  compare 
the  yellow  incandescent  lamp  with  the  green  mercury  arc  lamp 
with  the  paraffin  photometer,  by  continuously  moving  it 
slightly  until  you  get  a  position  of  equal  intensities.  Another 
method  of  comparing  values  is  the  luminometer  which,  while 
not  so  accurate  as  the  photometer,  is  accurate  within  a  few  per 
cent.  The  mminometcr  can  be  used  to  compare  mercury- 
arc  lamps  with  other  lamps.  Luminometer  tests  gave  the 
relative  efficiency  of  the  mercury-arc  lamp,  using  160  watts  to 
the  lamp,  125  watts  to  the  arc,  and  running  from  a  4-ampere 
constant-current  series  circuit,  as  sh*;T[htly  higher  than  the 
450-watt  enclosed  direct-curi*ent  carbon  arc.  That  gives  a 
measure  of  cTiicicncy,  which  certainly  shows  the  mercury  lamp 
as  very  satisfactory. 

The  mercury-arc  rectifier,  or  vapor  converter,  as  it  is  here 
called,  of  the  constant-potential  type,  I  do  not  need  to  discuss, 
as  it  is  a  commercial  article,  used  extensively  for  charging  auto- 
mobile batteries  and  supplying  direct-current  power  to  telephone 
exchanges.  On  the  roiistant-currcnt  mercury-arc  rectifier,  I  had 
the  pleasure  of  reading  a  paper  a  year  ago  at  the  Asheville  con- 
vention, and  discuss'. d  it  there.  Regarding  Fig.  7,  three  con- 
verters in  st.'ries,  it  is  an  arningement  of  getting  a  higher  voltage 
on  the  system  than  can  be  obtained  from  a  single  converter; 
since,  however,  as  shown  in  my  paper,  10,000  volts  d-rect  current 
can  be  produced  by  a  sinr^le  rectifier  tube,  and  numerous  constant- 
current  rectifier  cirruits  are  in  operation  at  from  4000  to  70^^) 
volts,  and  that  is  probably  as  high  a  direct-current  voltage  as 
any  one  would  expect  to  use,  I  believe  practically  all  ot  the  arc 
lighting  work  can  be  handled  with  a  single  tube.  As  regards 
the  short-circuiting  of  the  rectifier,  iny  experience  is  that  the 
tendency  to  short  circuit  at  high  voltage  can  be  entirely  elimi- 
nated by  the  dcsij^n  of  the  rectifier,  and  need  not  be  feared. 
There  is  prac  tically  no  voltat^e  limit  to  the  power  which  can  be 
rectified;  I  think  with  moderate  power  we  can  get  as  high  as 
25,000  volts  direct  current  through  the  mercury-arc  rectifier 
without  short  circuiting. 

President  Wheeler:  Will  Mr.  Wirt  tell  us  something  about 
the  coninicrcial  experiences  of  the  lamp? 

H.  C.  Wirt:  Eight  or  ten  circuits  at  dififerent  places  have 
been  in  operation  from  three  to  five  months.  At  first  there  was 
considerable  trouble  with  the  breaking  of  the  rectifier  tubes, 
due  partly  to  static  elYccts.  At  present  each  system  is  in  the 
hands  of  an  expert,  with  one  or  two  exceptions,  and  I  believe 
the  system  is  going  to  be  generally  satisfactory.  The  standard 
magnetite  direct-current  lamp  is  used  on  the  system. 
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P.  H.  Thomas:  Dr.  Stcinmetz  seems  to  wish  us  to  infer  that 
all  our  mercury  vapor  apparatus  is  an  old  story,  and  there  is  no 
novelty  in  it.  I  do  not  know  why  it  happened,  then,  that 
we  all,  includmg  Dr.  Steinmetz,  had  to  wait  until  Mr.  Hewitt 
showed  us  how  to  use  it.  Seriously,  there  is  undoubtedly 
a  similarity  between  the  carbon  arc  or  any  other  arc,  and  the 
Cooper  Hewitt  mercury  vapor  apparatus,  but  there  are  also  differ- 
ences, differences  so  great  that  a  person  who  might  under- 
stand the  atmospheric  arc  thoroughly  would  have  practically 
little  or  no  help  from  such  knowledge  to  enable  him  to  utilize  the 
mercury  vapor  apparatus.  Substantially,  they  are  not  the  same 
art.  They  have  very  different  characteristics.  The  necessity 
of  a  high  voltage,  or  touching  and  separating  electrodes  in  start- 
ing, is  characteristic  both  of  the  arc  in  the  air  and  the  mercury 
vapor  lamp,  but  the  causes  are  not  the  sam*^.  The  resistance 
in  starting  the  mercury  vapor  usually  resides  wholly  at  the 
surface  of  the  negative  electrode  and  not  in  the  path  between 
the  electrodes.  In  the  atmosphere  arc,  on  the  other  hand,  the 
starting  resistance  of  the  arc  is  largely  the  resistance  of  the  aii 
between  the  electrodes.  If  you  bring  the  gap  down  so  that  the 
electrodes  almost  touch, the  arc  w'ill  start  at  very  low  voltage. 
That  shows  that  you  do  not  have  the  resistance  residing  at  the 
negative  electrode  itself,  as  m  the  mercury  apparatus. 

I  agree  with  most  of  what  Dr.  Steinmetz  has  said.  As  he  ha? 
said,  much  of  the  matter  that  has  been  presented  here  ha? 
been  given  before — the  greater  part  of  it  first  by  Mr.  Hewitt. 

It  is  a  matter  of  metaphysics,  if  you  wish  to  put  it  that  wav . 
whether  we  consider  a  conducting  current  to  be  due  to  a  conduct- 
ing vapor  bridge,  or  whether  we  consider  electrons  to  be  taken 
from  the  negative  electrode  and  passed  through  to  the  posi- 
tive electrode,  but  I  think  we  of  the  American  Institute  arc 
glad  sometimes  to  be  metaphysicists.  By  tliese  theories  I  think 
we  are  getting  at  What  we  want,  however,  and  if  there  if  nc 
way  in  which  we  can  do  it  except  through  metaphysics,  there  is 
no  objection. 

In  regard  to  the  measurement  of  the  candle-power  of  the 
Cooper  Hewitt  lamp,  or  lamps  of  this  character,  I  would  sav 
that  it  is  true  that  lamps  can  be  measured  at  such  a  distance  as 
to  have  the  law  of  inverse  square  hold,  and  it  is  true  that  there 
is  no  material  difficulty  in  getting  an  exact  setting,  with  the 
mercury  vapor  lamp  on  one  side  of  a  screen  and  an  incandescent 
lamp  on  the  other.  But  since  the  object  of  measuring  candle- 
power  between  different  lamps  is  to  give  an  idea  of  the  relative 
effectiveness  of  the  light  which  he  will  get  from  it  (I  am  consider- 
ing commercial  tests)  it  would  seem  wisest  to  use  such  a  method 
of  measuring  the  power  of  a  light  as  will  most  nearly  indicate 
its  effectiveness,  which  would  not  be  such  a  long-distance  method. 

As  I  have  not  come  across  any  vapor  converter  installation^' 
supplying  700()  volts,  direct-current  arc  circuits,  I  would  ask  Dr. 
Steinmetz  where   they  are  located? 

C.  P.  Steinmetz:     Portland,  Ore.,  and  Glens  Falls,  N.  Y. 


A  ^per  prttenttd  at  the  2Sd  AnnutU  Ccnven- 
tif*K  0f  the  American  Institute  of  EUctricml 
Engineers^  Milwaukee  Wis..  Afajf9^-9U  1906. 

Copyright  1906.    B7  A.  I.  E.  B. 


AUTOMATIC  SAFETY  DEVICES  FOR  STEAM-ENGINES, 
TURBINES,  AND  MOTORS. 


BY  CHARLES  M.   HEMINWAY. 


The  increasing  use  of  automatic  appliances  is  a  noteworthy 
feature  of  the  tendency  in  engineering  development.  In  the 
electrical  industries  automatic  appliances  are  largely  used,  and 
the  results  have  been  so  good  that  we  find  the  peculiar  flexibility 
of  electrical  systems  leading  to  their  use  for  automatic  appar- 
atus in  other  lines  of  work. 

There  is  probably  not  an  electrical  system  to-day,  either 
for  transportation  or  power  purposes,  for  lighting,  telephone, 
or  any  of  the  other  various  applications  of  electricity,  in  which 
some  automatic  devices  are  not  used.  These  appliances  may 
take  the  form  of  regulators  or  governors  for  controlling  the  per- 
formance of  a  machine.  In  railway  work  they  are  extensively 
used  for  signaling. 

Though  the  application  of  automatic  appliances  is  varied 
and  extensive,  it  is  the  purpose  of  this  paper  to  touch  upon  one 
branch  only ;  that  is,  to  prevent  damage  that  might  be  caused 
by  unusual  or  unexpected  conditions.  In  the  equipment  and 
operation  of  power  plants  the  two  factors  that  are  first  given 
consideration  are  efficiency  and  economy.  The  factor  of  safety 
also  receives  attention  and  is  becoming  more  generally  re- 
cognized as  a  necessity,  for  without  it  the  two  former  are 
of  little  avail,  yet  in  the  particular  branch  to  which  I  wish  to 
direct  your  attention  it  has  not  been  so  generally  introduced 
as  in  some  others. 

Automatic  stops  bear  the  same  relation  to  steam-engines  and 
turbines  that  safety-valves  do  to  boilers,  or  circuit-breakers  to 
dynamos.  It  is  probable  that  the  universal  adoption  of  crrcuit- 
breakers  closely   followed  an  unusually   large  number  of  acci- 
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dents;  similarly,  the  alarming  increase  in  the  number  of  run- 
away engines  and  resultant  fly-wheel  wrecks  will  doubtless 
hasten  the  general  use  of  safety  devices  for  engines  and  turbines. 
There  is  a  general  impression  among  engine  owners  that  the 
governor  on  the  engine  is  a  safety  device,  and  is  capable  of  pro- 
viding for  all  emergencies;  this  is  a  fallacy,  as  statistics  show 
that  about  200  reciprocating  engines  and  several  turbines  and 
synchronous  converters  have  run  away  in  the  past  20  months — 
and  all  had  governors. 

The  governor  is  designed  to  keep  the  speed  of  an  engine 


Fig.  1. — !*ionarch  enj^inc-.stop;  the  device  applicable  to  the  throttle,  and 
operated  by  gravity. 

constant  under  variations  of  load,  but  as  most  governors  are 
arranged  to  operate  by  centrifugal  force  they  cannot  act  in- 
stantly, as  when  the  load  goes  off  suddenly;  it  is  for  this  reason 
that  there  is  real  need  for  a  safety  device  entirely  apart  from 
the  governor  that  will  at^t  quiekly  in  ease  of  emergency. 

Some  of  the  causes  of  recent  lly-wheel  accidents  are:  breaking 
of  main  belt;  loose  governor  pulley;  reversal  of  dynamo;  sticking 
governor;  but  chiefly  the  breaking  or  slipping  of  a  governor 
belt  and  tlie  sudden  relief  of  the  load. 

Some  plants  now  carry  fly-wheel  insurance,  which  includes 
periodical    inspections.     This    furnishes    monetary    protection, 
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but  does  not  insure  safety;  for  in  spite  of  the  inspections  fly- 
wheel accidents  continue  to  occur.  It  will  be  readily  seen  that 
while  inspections  may  detect  a  weakness  in  some  part  of  the 
engine  equipment,  or  the  inefficiency  of  an  engineer,  many 
things  may  happen  between  the  inspections.  While  the  insur- 
ance pays  the  property  damages  and  personal  injuries,  it  does  not 
make  good  the  losses  from  non-production  pending  repairs  to 
the  plant,  nor  the  wage-loss  of  the  employes.  Obviously,  then, 
the  remedy  lies  in  the  providing  of  such  means  as  will  prevent 
accidents. 


Fig.  2. — Application  of  Monarch  engine-stop  to  horizontal  and  vertical 

valve  stems. 


There  is  still  another  use  for  the  same  device;  namely,  to  shut 
down  the  engine  from  a  distant  part  of  the  plant  by  pressing 
a  switch.  When  an  employe  is  caught  in  the  machinery,  when 
the  belting  breaks,  when  the  shafting  or  the  machinery  is  out 
of  order,  when  a  cylinder-head  blows  out — in  all  cases  when  it 
would  be  impossible  to  reach  the  throttle  promptly,  the  auto- 
matic stop  is  invaluable. 

Engine-stops  aro  of  varied  design  and  are  applied  in  many 
different  ways.  Most  of  them  are  designed  merely  to  stop  the 
engine  mechanically  in  case  of  over-speed.  There  is  a  growing 
tendency  toward  the  use  of  electric  current  to  trip  the  engine- 
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stops,  thus  allowing  them  to  be  operated  from  any  ntimber  of 
points. 

One  stop  is  designed  to  be  attached  to  the  governor  column, 
and,  upon  being  tripped  electrically,  opens  a  steam- valve, 
allowing  steam  to  enter  a  small  cylinder  against  a  piston,  which 
raises  the  governor  balls  to  their  maximum  position,  thereby 
cutting  off  the  supply  of  steam  to  the  cylinder.  This  is  a  re- 
liable stop  and  in  connection  with  a  speed-limit  device  is  very 
effective. 

The  speed  limit  consists  of  a  centrifugal  device  connected  to 
the  engine-shaft  by  a  chain-drive ;  it  is  in  circuit  with  the  engine- 
stop  and  can  be  set  at  any  predetermined  speed;  when  this 
speed  is  reached,  electric  contact  is  made  tripping  the  engine- 
stop. 

Other  forms  are  appUed  to  special  valves  which  must  be 
placed  in  the  steam  line  and  operated  as  an  auxiliary  to  the 
.  main  throttle- valve.  The  valve  in  these  forms  is  usually 
closed  by  steam  pressure,  the  steam  being  admitted  to  some 
small  cylinder  and  moving  a  piston  in  closing.  These  forms 
have  many  points  in  their  favor  but  care  must  be  taken  to 
keep  them  in  order,  and  the  expense  of  inserting  a  special  valve 
in  a  steam  line  already  erected  is  rather  great. 

Another  type  of  engine-stop  operates  directly  upon  the 
throttle- valve,  and  can  be  easily  applied  to  any  engine  without 
interfering  with  its  regular  work.  This  stop  is  bolted  to  the 
engine-frame  at  any  convenient  place,  and  is  attached  to  the 
valve-stem  by  means  of  a  sprocket-wheel  and  chain.  As  the 
valve  is  opened,  a  cable,  to  one  end  of  which  is  attached  a 
weight,  is  wound  on  a  drum  on  the  stop  and  is  held  by  a  pawl 
which  engages  in  a  ratchet-wheel.  When  the  stop  is  tripped 
electrically  the  weight  is  released,  revolving  the  sprocket  wheel 
and  thus  closing  the  valve,  a  dash-pot  in  the  stop  forming  a 
cushion  to  prevent  jamming  the  valve.  This,  in  connection 
with  the  speed  limit,  forms  a  very  satisfactory  device;  and  as 
gravity  is  depended  upon  for  doing  the  work  there  is  nothing 
that  is  likely  to  fail  in  operating. 

Another  engine-stop  also  operating  on  the  throttle  and  con- 
nected to  it  with  a  sprocket-wheel  and  chain,  similar  to  the  one 
just  described,  is  operated  by  an  electric  motor,  {  h.p.  or  i  h.p. 
This  is  more  expensive  on  account  of  the  motor  and  the  necessary 
generating  apparatus.  The  current  can  be  taken  from  bus- 
bars, but  in  order  to  insure  reliability  it  is  advisable  to  have 
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the  engine  furnish  its  own  current.     This  kind  of  stop  is  par- 
ticularly desirable  on  units  having  12-in.  valves,  or  larger. 

In  order  to  insure  protection  for  all  contingencies,  an  auto- 
matic vacuum-breaker  is  wired  in  the  circuit  with  any  of  the 
engine-stops  where  condensing  engines  arc  equipped  with  this 
safety  device,  so  that  if  the  engine  should  be  shut  down  auto- 
matically the  automatic  vacuum-breaker  will  operate  simul- 
taneously with  the  engine-stop,  opening  the  exhaust  to  the 
atmosphere. 


Fid.    3.--  Corliss    engine-stop,    applied    to    governor    column    of    Corliss 
engine.     This  stop  is  operated  by  steam. 


Another  provision  for  safety  has  been  provided  in  an  auto- 
matic circuit-breaker  trip  which  also  is  wired  in  the  circuit 
with  the  cn^nne-stop.  In  plants  where  engines  operate  gen- 
erators in  multiple,  the  closing  of  the  circuit,  either  automatically 
by  the  speed  limit  or  from  any  of  the  push-switches  in  the  sys- 
tem, operates  not  only  the  engine-stop,  but  also  the  circuit- 
breaker  trip,  euttini^^  out  the  i^enerator  to  prevent  it  from  run- 
ning as  a  motor. 

Where  electricity   is  used  in   tripping  a  stop  it  is  desirable 
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to  have  some  means  of  testing  the  circuits  and  strength  of  the 
batteries.  A  very  satisfactory  system  is  in  use  for  this  piupose ; 
a  small  slate  testboard  having  upon  it  a  switch  for  tripping 
the  stop,  a  buzzer  or  a  lamp,  and  two  small  key-switches  for  test- 
ing the  circuits.  The  buzzer  is  of  high  resistance,  and  if  the 
batteries  are  getting  weak  an  intermittent  response  of  the  buzzer 
will  indicate  this,  and  yet  current  for  at  least  24  hours  is  still 
available  to  use  the  stop,  allowing  sufficient  time  for  recharging 
the  batteries. 

A  failure  of  the  buzzer  to  respond  to  the  pressure  of  the 
test-switch  indicates  a  break  in  the  wiring,  but  pending  repairs 
to  the  wires  it  is  possible  to  shut  down  the  engine  either  auto- 
matically by  the  speed  limit  or  from  any  of  the  push-switches. 
This  is  accomplished  by  throwing  the  wires  from  multiple  into 
series  for  a  test,  so  that  though  the  indication  of  a  break  in  the 
circuit  is  instantly  detected,  the  engine-stop  system  is  still  in 
commission.  This  is  one  of  the  strongest  points  in  favor  of 
engine-stops,  as  it  insures  reliability;  the  safety  device  cannot 
be  crippled  by  weak  batteries  or  broken  wires,  but  is  always 
ready  for  emergencies. 

There  is  also  another  testboard  in  use,  substantially  the 
came  as  the  one  just  described,  but  with  the  addition  of  a  sole- 
noid switch.  This  is  designed  to  use  high-tension  current  to 
operate  the  engine-stop  with  battery  in  reserve.  It  can  be 
used  on  any  voltage  from  110  to  550.  The  voltage  is  cut  down 
by  means  of  resistance  coils  on  the  testboard,  and  the  current 
going  through  the  solenoid  holds  the  armature  against  the 
magnets  operating  on  the  generator. 

If  the  generator  furnishing  this  source  of  current  is  shut 
down  or  a  fuse  blows,  the  armature  falls  by  gravity  to  the 
battery  terminal  and  the  engine-stop  system  is  then  operated 
from  the  battery  circuit  until  the  direct  circuit  is  again  in 
service.  This  system  adds  an  additional  safeguard  from  the 
fact  that  there  are  two  sources  from  which  to  operate  the 
engine  stop.  It  is  particularly  desirable  in  factories,  where 
the  generator  current  is  not  on  during  the  day.  It  lengthens 
the  life  of  the  batteries,  as  they  will  be  used  only  a  portion  of 
the  time. 

While  this  paper  is  confined  more  particularly  to  the  appli- 
cation of  automatic  safety  devices  to  engines,  the  same  appli- 
ance in  modified  forms  is  working  successfully  on  steam  tur- 
bines, synchronous  converters,  motors,  gas-  and  oil-engines,  and 
water-wheels. 
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It  has  frequently  been  said  that  automatic  safety  stops  arc 
an  expense  that  do  not  add  to  the  efficiency  or  economy  in  the 
operation  of  the  plant.  A  few  facts  bearing  on  this  point  will 
serve  to  prove  the  contrary.  First,  certain  types  of  stops  are 
recognized  by  the  liability  insurance  companies,  and  a  reduced 
rate  on  employers'  liabiHty  insurance  is  allowed;  secondly, 
where  automatic  safety  stops  are  used,  fly-wheel  insurance  can 
be  dispensed  with.  Here  are  economies  that  begin  to  accrue 
the  moment  the  stop  is  installed. 

Admitting  that  no  plant  is  entirely  safe  from  accident;  when 
the  emergency  does  occur  the  small  amount  invested  in  stops 
will  save  from  ten  to  twenty  times  their  cost  in  damages  pre- 
vented. Records  show  that  large  property  losses  have  been 
averted  and  many  lives  saved  by  their  prompt  and  efficient 
operation. 


A  ^Aptr  presented  at  ike  9U  A  hhuoI  Conven* 
tion  of  the  American  Institute  0/  Electrical 
Engineers^  Milwaukee^  H^is.,  May  «-ai,  1906. 
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NOTES  ON  THE  LIGHTING  OP  CHURCHES. 


BY  EDWIN  R.  WEEKS. 


Few  inventions  have  been  more  far  reaching,  or  more  gen- 
erally adopted,  than  those  pertaining  to  artificial  illumination. 
Places  of  amusement,  public  buildings,  parks  and  boulevards, 
expositions,  steamship  lines,  railroads,  and  residences — all  vie 
with  each  other  in  the  extent  and  decorative  features  of  their 
lighting.  Science  has  long  since  formulated  the  principles 
upon  which  improved  methods  are  based,  and  inventors  and 
factories  have  supplied  the  apparatus ;  yet  in  one  class  of  build- 
ings there  has  been  little,  if  any,  effort  to  make  full  use  of 
the  possibilities  of  artistic  and  effective  illumination.  Churches 
are  still  characterized  by  the  notoriously  poor  lighting  in- 
herited from  the  dark  ages  when  the  printed  word  was  unknown. 

Next  to  the  acoustics,  there  is  no  feature  of  church  architec- 
ture of  greater  importance  than  that  of  lighting.  While  de- 
fective acoustics  are  an  annoyance  at  all  services  and  deprive 
parishioners  of  much  of  the  benefit  and  enjoyment  for  which 
they  attend  church,  they  do  not  belittle  the  architecture  or 
deplete  the  exchequer.  An  inadequate  system  of  lighting, 
however,  is  not  only  an  extravagance,  but  it  practically  elim- 
inates the  beauty  and  effectiveness  of  capital,  entablature,  and 
vaulted  roof  with  their  costly  decorations  and  symbolism. 

The  proverbial  "  dim  religious  light  "  of  ecclesiastical  struc- 
tures is  due  to  several  causes.  Architectural  limitations  pro- 
duce an  unequal,  and  at  times,  insufficient  distribution  even 
of  daylight,  and  the  immense  distances  through  vaulted  dome 
and  transept  make  uniform  artificial  lighting  by  the  old  methods 
of  suspension  practically  impossible.  Again,  the  immemorial 
custom  of  using  sombre  woods  and  gloomy  wall-tints  adds 
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to  the  difficulties;  and  the  inertia  of  precedent  and  a  false 
economy  continue  these  obsolete  practices  long  after  better 
and  more  scientific  methods  are  available. 

Suspension  devices  have  persisted  from  the  time  of  the  torch 
and  tallow  dip,  although  the  advent  of  a  most  flexible  medium 
has  made  their  use  inexcusable.  Chandeliers  are,  at  best, 
costly  in  installation,  wasteful,  and  hazardous  in  operation; 
grouping  the  lights  at  a  few  points,  usually  in  the  plane  of  vision, 
they  are  painfully  obtrusive  and  inartistic.  In  churches  upon 
which  large  amounts  have  been  expended  to  create  spacious 
and  inspiring  auditoriums,  it  is  not  uncommon  for  the  chief 
impression  to  be  that  of  glittering  pyramids,  completely  nullify- 
ing the  sense  of  restful  worship  which  should  characterize 
such  an  interior. 

It  is,  of  course,  true  that  lamps  in  receptacles  flush  with 
the  ceiling  or  high  wall -panels  give  less  light  in  the  reading 
plane  than  do  the  same  lamps  suspended  a  few  feet  above  this 
plane;  but  when  so  placed  they  may  be  made  to  serve  the 
purposes  of  uniform  distribution,  of  didactic  symbolism,  and 
of  displaying  and  even  forming  an  important  part  of  the  archi- 
tectural and  mural  decoration.  These  advantages  furnish 
ample  consideration  for  the  cost  of  the  additional  lamps  re- 
quired to  give  the  light  needed  in  the  reading  plane. 

The  chief  requisites  in  church  lighting  are  adequacy  and 
uniformity.  The  maximum  variation  throughout  the  audi- 
torium should  not  exceed  20  per  cent.  This  uniformity  is 
seldom  secured  with  daylight,  but  there  is  no  reason  why  it 
should  not  be  attained  with  artificial  light,  since  electricity 
can  easily  be  transmitted  to  all  parts  of  the  building  and  prac- 
tically moulded  to  suit  the  demands  of  distribution  as  well 
as  the  needs  of  the  architecture  and  decoration.  In  this  re- 
spect the  electric  lif^^ht  may  be  said  to  "  beat  daylight." 

The  amount  of  li^ht  in  the  reading  plane  should  not  be  less 
than  two  candle-feet;  that  is,  about  twice  the  light  required 
by  the  avera^'c  ])erson  for  reading  without  the  impairment  of 
eyesip^ht.  The  frugal  vestryman  may  ask,  "  Why  double  the 
amount  of  light?  "  The  answer  is  that  the  best  and  most  at- 
tractive lighting  is  not  only  an  excellent  advertisement  and  a 
means  of  grace,  but  it  may  be  quite  economically  employed 
in  assembly  rooms  which  are  occupied  but  six  or  eight  hours 
each  month,  if  the  controlling  devices  be  properly  designed 
and  used.     Furthermore,  a  religious  gathering,  more  than  any 
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other  concourse  of  people,  contains  persons  of  all  ages,  many 
of  whom  have  failing  eyesight,  and  all  of  whom  should  have 
sufficient  light  to  enable  them  to  read  the  lines  of  text  or 
hymn.  With  an  expense  of  two  dollars  an  hour  for  light 
which  gives  perfect  satisfaction  to  every  one  in  the  audience, 
and  makes  of  the  auditorium  a  beautiful  and  attractive  place 
for  young  people,  there  can  be  no  question  of  extravagance. 
The  extravagance  lies  rather  in  employing  a  system  which  al- 
though it  may  cost  half  as  much,  fails  to  give  satisfaction  to 
any  considerable  number  of  the  congregation. 

A  well-planned  layout  of  switch-control  effects  a  great  econ- 
omy in  any  installation;  this  is  especially  true  in  a  building 
containing  an  assembly  room  and  using  a  large  ntunber  of 
lights.  Where  circuits  are  distributively  interlaced,  and  a 
part  or  all  of  the  lamps  are  easily  turned  on  or  off,  only  those 
wanted  at  any  time  and  place  need  be  used,  and  none  will  be 
left  burning  because  to  light  them  later  would  be  too  much 
trouble.  The  most  economic  as  well  as  the  most  convenient 
design  so  places  switches  that  at  least  a  part  of  the  lamps  in  a 
room  may  be  turned  on  and  off  at  every  door  of  the  room. 
It  is  thus  unnecessary,  as  with  one  switch,  to  walk  back  in 
order  to  turn  off  the  light,  and  there  is  less  danger  of  its  being 
left  on  in  unoccupied  apartments.  In  rooms  where  varying 
degrees  of  light  are  needed,  and  service  is  for  fixed  and  regular 
periods,  the  designer  can  so  arrange  the  groups  of  lamps  that 
there  may  be  rotation  of  use,  thus  keeping  them  in  uniform 
wear  and  preventing  contrast  when  all  are  burning.  These  are 
a  few  of  the  devices  with  which  the  expert  engineer  so  equips 
his  plans  that,  although  the  cost  of  installation  may  seem 
large,  it  is  more  than  offset  by  satisfactory  service  and  economic 
operation. 

There  arc  two  general  systems  of  interior  lighting,  the  in- 
direct and  the  direct.  In  the  indirect  system,  the  lamps  are 
entirely  concealed  from  view  and  their  light  is  distributed 
by  means  of  reflecting  or  diffusing  surfaces.  The  installation 
of  this  system  is  costly,  uniform  distribution  is  difficult,  and, 
as  only  about  50%  of  the  incident  light  is  utilized,  the  system 
is  wasteful.  In  the  direct  system,  the  lamps  are  so  placed  that, 
although  they  may  be  seen,  they  are  not  in  the  usual  line  of 
vision.  The  installation  by  this  method  is  less  costly,  and  its 
operation  much  less  wasteful,  since  nearly  all  of  the  light  emit- 
ted does  useful  work.     It  also  facilitates  uniform  distribution. 
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and  lends  itself  more  readily  to  decorative  effects  and  the  ex- 
pression of  symbolism. 

The  accompanying  Figs,  from  plans  made  in  1904  for  the 
Westminster  Church  of  Kansas  City,  may  serve  to  illustrate  the 
application  of  these  principles  to  a  case  wherein  the  expenditure 
is  to  be  moderate.  The  results  are  a  good  distribution  of  light 
and  a  satisfactory  illumination  in  each  room.  All  parts  of  the 
auditorium  are  visible;  each  seat  receives  a  minimum  of  two 
candle-feet,  and  the  variation  is  less  than  20%.  No  more 
conclusive  justification  for  the  degree  of  control  and  lighting 
here  provided  for  could  be  desired  than  the  enthusiastic  com- 
mendation of  the  parishioners,  and  the  fact  that  the  monthly 
bills  for  current  at  the  rate  of  ten  cents  per  kilowatt-hour, 
with  the  usual  church  services,  and  including  current  for  organ 
motor,  range  from  15.00  to  23.20  dollars. 

Notes  on  the  Specifications. 

The  following  brief  notes  on  the  specifications  will  indicate 
the  grade  of  work,  and  assist  in  explaining  the  figures. 

The  installation  is  three-wire  with  neutral  equal  to  the  sum 
of  the  outside  wires,  and  with  104  volts  on  each  side;  the  drop 
inside  the  entrance  is  slightly  less  than  2%  wuth  full  load. 

The  interior  fixtures  arc  of  brush  brass,  and  those  on  the 
exterior  are  of  black-finished  brass  or  copper.  All  were  specially 
designed  to  suit  the  architecture.  Gas  is  used  only  for  emer- 
gency lighting  and  for  the  kitchen  range;  this  range  is  also 
provided  with  an  outlet  for  cooking  by  electricity. 

The  entrance-switch,  fuses,  and  Thomson  wattmeter  are 
mounted  on  slate  bases  in  fire-  and  dust-proof  box  in  basement. 

All  cabinets  have  white  marble  backs  and  sides,  beveled 
plate-glass  doors,  trims  of  polished  wood,  and  are  set  flush 
w4th  finished  walls. 

Cabinet  No.  I  is  in  the  basement  corridor  and,  in  addition 
to  fuses,  contains  five  triple-pole,  single-throw  knife-switches; 
one  to  control  each  of  cabinets  II,  III,  and  IV,  one  on  feeders 
for  future  use  in  proposed  asscmV>ly  rooms  in  the  basement, 
and  one  on  feeders  to  supply  lamps,  not  yet  installed,  for  light- 
ing the  stained  glass  over  the  auditorium  dome. 

Cabinets  Nos.  II  and  III  are  in  the  south  passage  on  the 
main  floor,  and  in  addition  to  fuses  each  contains  20  double- 
pole,  single-throw  knife-switches,  10  on  each  side  of  the  system, 
controlling  circuits  supplying  the  ceiling  outlets  in  auditorium, 
school-rooms,    main    entrances;    vestibules,    corridors,    cloak- 
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rooms,  yoimg-people*s  assembly  rooms  and  parlors.  A  pair  of 
switches  in  each  of  these  cabinets  was  provided  for  future  use, 
one  of  which  has  already  been  put  in  commission  for  lighting 
the  library  and  study  hall  on  the  second  floor. 

Cabinet  No.  IV  is  in  the  main  corridor  and  contains  cartridge 
plug-fuses  to  protect  16  circuits,  8  on  each  side  of  the  system, 
supplying  choir-rooms,  organ-loft,  pastor's  study,  kitchen, 
closets,  boiler-  and  coal-rooms,  brackets  in  auditorium,  school- 
room, vestibules,  corridors  and  parlors,  attic,  ana  lamps  in  all 
parts  of  the  building  intended  for  use  at  times  when  full  lighting 


Fig.  2. 


is  not  needed.     In  this  cabinet,  also,  an  extra  circuit  is  provided. 

All  outlets  not  controlled  from  cabinets  Nos.  II  and  III  are 
controlled  by  *'  Diamond  H  '*  flush  push-switches,  all  sockets 
and  receptacles  being  keyless. 

The  elevation  of  ceiling  outlets  above  floor  lines  range  from 
12  ft.  in  the  parlors  to  40  ft.  for  octagon  at  base  of  dome  in 
the  auditorium. 

All  lamps  in  any  figure  and  in  all  figures  in  the  same  room 
are  of  uniform  kind  and  candle-power.  All  lamps  in  auditorium 
ceiling  outlets  are  clear  standard  Edison  and  all  lamps  in 
brackets  are  frosted  spherical. 
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Lamps  over  pulpit  platform  (see  outlet  No.  6  on  Fig.  1) 
being  back  of  the  pulpit  arch,  are  not  visible  from  the  audi- 
torium, and  furnish  over  2  candle-feet  on  pulpit,  console,  and 
music-rack. 

The  outlets  in  the  ceiling  of  the  iauditorium  are  so  constructed. 
Fig.  2,  that  lamps  are  drawn  up  into  the  attic  for  cleaning 
or  renewal. 

The  bracket-lamps  are  used  when  light  is  needed  only  in 
certain  places  as  for  choir  practice,  janitor's  work,  pastor's 
study,  etc.,  and  are  not  a  part  of  the  general  illumination, 
which  is  always  from  above. 

In  the  wall  and  ceiling  decorations,  deep  cream  predomi- 
nates; and  the  designs  for  all  fresco  work  in  the  building  have 
special  reference  to  the  location  of  lamps  and  the  figures  em- 
ployed in  their  distribution. 
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Discussion  on  '*  Local  Organizations,"  at  Milwaukee,  Wis. 

May  30,  1906. 

President  Wheeler:  The  Institute  has  given  a  great  deal  of 
attention  to  the  interests  of  the  members  who  are  located  at  a 
distance  from  New  York.  The  proposed  revised  Constitution 
which  was  recently  put  before  you,  and  which  was  not  adopted, 
principally  because  a  large  proportion  of  the  members  did  not 
think  to  send  in  their  ballots,  made  some  additional  provisions 
for  local  organizations.  I  hope  that  in  another  year  or  two 
this  Constitution,  or  something  similar  to  it,  will  be  adopted 
by  the  Institute.  The  summer  conventions  of  the  Institute 
are,  as  you  know,  held  outside  of  New  York,  to  bring  us  into 
closer  contact  with  the  members  who  live  at  a  distance  from 
that  city.  Our  meeting  held  in  Milwaukee  this  week  is  with 
that  object. 

We  have  a  Committee  on  Local  Organizations,  and  we 
have  chosen  as  the  chairman  of  that  committee  one  of  our 
past  presidents  who  was  particularly  active  and  successful 
in  developing  the  Institute  along  the  directions  which 
drew  the  local  members  into  the  parent  organization.  We  will 
now  have  the  report  on  that  subject,  and  I  have  pleasure  in 
introducing  to  you  a  distinguished  past  president  of  thq  Insti- 
tute, Mr.  Charles  F.  Scott,  of  Pittsburg. 

C.  F.  Scott:  The  Committee  on  Local  Organizations  held  a 
meeting  three  weeks  ago  at  which  it  was  decided  to  bring  up 
the  general  subject  of  Local  Organizations  for  discussion  at  this 
meeting  of  the  Institute.  There  was  an  informal  dinner  last 
evening,  at  which  representatives  of  local  organizations  were 
present.  A  general  discussion  took  place,  almost  all  of  the 
twenty  or  twenty-five  present  expressing  their  views.  In  this 
way  those  particularly  interested  have  had  an  opportunity  to 
interchange  ideas.  I  will  endeavor  presently  to  give  a  general 
summary  both  of  the  expressions  of  those  present  last  night 
and  also  of  those  which  have  come  in  reply  to  a  circular  letter 
sent  to  the  officers  of  the  local  organizations  about  a  month  ago. 

I  have  found  in  my  own  mind  a  change  of  ideas  regarding 
local  organizations.  The  expectations  and  plans  of  a  few  years 
ago  have  been  subject  to  modification  as  the  subject  has  grown 
and  the  branches  assumed  a  new  relation  to  the  Institute.  The 
initial  purpose  was  to  provide  means  by  which  Institute  mem- 
bers could  get  together  locally,  as  a  kind  of  adjunct  to  the  regular 
work  of  Institute.  It  was  difficult  to  lay  out  a  definite 
scheme  and  plan  of  work,  because  conditions  were  difficult  to 
foresee  and  were  different  in  different  places.  I  felt  then  that  we 
were  somewhat  at  fault  in  not  being  able  to  tell  just  how  the  work 
ought  to  be  done,  but  now  I  believe  it  was  wise  not  to  prescribe 
definite  plans,  but  to  allow  freedom  for  development.  The 
branches  are  becoming  an  important  organic  part  of  the  Insti- 
t^i.:3,  which  makes  necessary  a  change  in  our  general  policy. 
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Branches  and  Institute  Development. 

Before  entering  into  details  and  methods,  let  us  first  take  a 
general  view  of  the  situation.  The  problem  presents  itself  to  the 
American  Institute  of  Electrical  Engineers  of  dealing  with 
a  membership  which  in  the  last  five  years,  since  Mr.  Steinmetz 
was  chosen  president,  has  grown  over  threefold,  from  approxi- 
mately 1250  to  3800.  How  to  get  the  best  results  for  the 
engineering  profession  and  the  Institute  as  a  whole  on  the 
one  side,  and  for  the  individual  member  on  the  other  side, 
is  the  problem  now  before  us.  It  is  a  different  problem  now 
from  what  it  was  when  our  Institute  began  some  twenty  or 
more  years  ago.  It  is  different  because  our  membership  is 
larger,  because  it  is  more  widely  scattered,  and  also  because 
of  the  number  of  men  in  many  different  centers  is  becoming 
sufficiently  great  to  enable  these  centers  to  begin  a  development 
of  their  own,  to  cultivate  a  self-sustaining  interest  and  life  in 
their  local  centers.  This  is  something  which  was  obviously 
impossible  a  few  years  ago.  I  need  not  discourse  on  the  rapid 
development,  quantitatively  and  qualitatively,  of  electrical 
engineering  work  in  general,  of  the  new  lead  it  has  taken  in 
industrial  and  commercial  life;  the  discussion  on  papers  at  this 
meeting  shows  how  methods  and  apparatus  wliich  were  known 
several  years  ago,  but  were  not  used  to  any  extent,  have  within 
the  past  year  or  two  received  a  new  impetus,  a  new  opening,  a 
new  opportunity,  on  account  of  this  wonderful  development. 
This  is  indicative  of  the  new  conditions  which  now  confront  us. 

Here  is  our  Institute,  grown  three  times  as  large  in  five  years. 
In  the  same  time  electrical  industries,  as  measured  by  their  output, 
or  by  the  capital  invested,  have  doubled.  In  five  years  more, 
if  this  mte  of  progress  goes  on,  the  industrial  output  wili  again 
be  doubled,  the  demand  for  men  will  be  doubled,  oui  responsi- 
bilitie.;  as  eni^meers  will  be  doubled,  and  the  opportunities  and 
responsibilities  of  the  Lsstitute  will  be  doubled.  How  shall  we 
look  forward  to  meet  them?  What  new  developments,  what 
new  kinds  of  work,  what  new  methods,  are  to  be  adopted  by 
our  Institute,  which  have  not  been  necessary  in  the  past? 
It  seems  to  me  that  considerations  like  these  are  the  large  and 
important  questions  of  policy  and  method  which  lie  before  uf 
unstudied  It  seems  to  mc  also  that  one  method  of  meeting 
these  new  conditions  is  by  a  broadened  and  general  activity 
amon^  our  membership,  and  that  that  activity  can  come  largely 
throuijh  the  medium  of  local  organizations.  Here  are  a  dozen 
or  twt-nty  cities  ot  considerable  size  situated  here  and  there 
with  large  electrical  interests,  and  electrical  men  increasing  in 
numbers  and  ability.  Electrical  societies  arc  soon  going  to 
spring  up.  Thes(^  men  are  getting  together  There  is  a  common 
interest  wh^ch  will  be  an  attractive  force  drawing  them  together 
for  social  acquaintance  and  professional  intercourse. 

The  A.merican  Institute  of  Electrical  Engineers  has 
the  opportunity  of  continuing  to  take  the  leadership  by  assisting 
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in  the  cultivation  and  development  of  these  local  groups,  and 
at  the  same  time  drawing  unto  itself  a  new  strength  by  making 
itself  a  national  aggregation  of  these  many  societies. 

Letters  from  Branches. 

The  recent  letters  received  from  branch  officers  indicate, 
both  by  their  general  tenor  and  their  suggestions,  the  lines  along 
which  this  work  may  be  profitably  developed.  In  these  letters 
I  have  noted  three  things  in  general  in  addition  to  the  discussion 
of  specific  topics 

First:  the  branches  consider  themselves  a  definite,  estab- 
lished, integral  part  of  the  Institute.  The  question  discussed 
is  not  whether  branches  should  exist,  but  what  relationship 
between  the  Institute  and  its  branches  and  what  methods  will 
increase  the  effectiveness  of  their  work. 

Secondly:  every  local  organization  stands  on  its  own  merits; 
its  success  depends  upon  its  own  activity.  In  one  letter  it  is 
stunmarized  thus: 

The  success  of  all  the  local  tranches  will  depend  entirely  upon  the 
number,  character,  and  abiHty  of  the  men  composing  them. 

Thirdly:  It  is  recognized  that  the  New  York  membership,  by 
whatever  name  it  may  be  called  will,  on  account  of  the  number 
and  character  of  those  resident  in  New  York,  continue  to  be  the 
large  and  controlling  factor  in  the  Institute.  This  relationship 
is  expressed  in  one  report  in  this  way: 

The  entire  Institute  should  be  considered  as  made  up  of  unit  branches, 
each  of  the  relative  importanc  it  makes  itself  and  each  having  propor- 
tionate representation  and  rights  in  the  general  management  of  the  In- 
stitute. The  parent  organization  should  be  the  medium  through 
which  the  efforts  of  the  individual  members  may  be  transmitted  to  each 
other. 

The  views  thus  summarized  show  a  prevailing  sentiment  which 
is  significant.  The  branches  are  not  merely  experimental 
adjuncts,  but  they  are  representative  of  a  large  and  substantial 
portion  of  the  Institute  membership,  and  are  ready  and  anxious 
to  share  in  its  work  and  contribute  to  its  success. 

Papers. 

It  is  the  practically  unanimous  view  that  the  papers  and 
discussions  of  the  branch  meetings  should  be  placed  on  the  same 
basis  of  merit  with  regard  to  publication  as  the  papers  which  are 
presented  in  New  York. 

Many  branches  find  that  original  papers,  either  based  upon 
the  topics  taken  up  in  the  New  York  meetings  or  entiroly  inde- 
pendent subjects,  are  preferable  to  the  reading  and  discussion 
of  the  papers  which  have  been  presented  in  New  York.  Papers 
of  local  interest,  sometimes  when  coupled  with  excursions,  are 
found  profitable. 

A  wide  field  is  afft)rded  by  the  branches  for  securing  material 
for  the  Institute.     One  report  says: 


662  LOCAL  ORGANIZATIONS.  [May  30 

The  greatest  good  can  be  obtained  in  the  branch  meetings  by  having 
papers  on  technical  subjects  by  engineers  who  apply  theory  to  practice  in 
their  everyday  work. 

These  practical  engineers  are  widely  scattered,  and  prac- 
tically the  only  way  by  which  the  Institute  can  secure  con- 
tributions from  many  of  them  is  through  contributions  to 
the  branch  meetings.  A  wealth  of  experience  should  be  pro- 
curable in  this  way,  which  is  not  likely  to  come  through  the 
meetings  in  the  metropolis. 

Local  Methods  i 

Leaders:     One   report  says- 

There  has  been  an  excellent  attendance  and  a  live  interest.  I  must 
confess,  however,  that  the  burden  of  the  work  has  fallen  on  a  few  men. 

The  same  confession  could  probably  be  made  with  regard  to 
every  branch  and,  in  fact,  to  the  operation  of  the  Institute 
management.  The  work  will  always  fall  upon  a  few  men, 
and  success  depends  in  a  large  measure  upon  the  securing 
of  right  men  as  leaders  and  upon  their  activity.  There  must 
be  an  active  leadership  which  can  secure  interest  and  cooper- 
ation from  many  busy  men. 

Subjects  of  Papers:  The  kind  of  material,  whether  Institute 
papers  or  original  papers  or  topical  discussions,  must  be  deter- 
mined by  particular  conditions.  Subjects  and  methods  which 
may  be  the  best  in  one  case  are  not  useful  in  others.  The  success 
of  a  branch  depends  largely  upon  the  discretion  and  judgment 
exercised  in  the  laying  out  of  the  programs.  In  some  cases  a 
division  of  the  work  of  arranging  for  meetings  has  been  made, 
by  which  different  members  of  the  executive  committee  take 
charge  of  particular  meetings.  The  definite  placing  of  respon- 
sibility and,  to  some  extent,  the  rivalry  which  results  is  found  to 
be  stimulating. 

Much  depends  upon  the  snap  and  tact  of  the  presiding  officer 
in  making  the  meetings  attractive  and  interesting.  Occasionally 
a  man  of  dignity  and  reputation  is  chosen,  who  lacks  interest 
and  enthusiasm.  I  am  inclined  to  think  that  the  latter  qualities 
are  more  important  than  the  former. 

Social  Functions:  Occasional  dinners  or  the  serv^ing  of  light 
refreshments  after  meetings,  or  visits  to  electrical  or  other  instal- 
lations are  found  to  be  helpful  in  various  places. 

Such  matters  as  regularity  of  meetings,  and  attractive  and  ex- 
planatory notices  of  meetings  to  be  held  are  hefpful  in  sustaining 
a  definite  interest. 

Relation  to  Institute  Management. 

Several  suggestions  are  made  by  which  the  management  of 
tne  Institute  may  be  made  helpful  to  the  branches  and  they 
in  turn  may  be  useful  to  the  Institute. 

Papers  Committee:  A  close  relation  between  the  papers  com- 
mittee and  the  local  secretaries  will  enable  an  exchange  of  sug- 
gestions of  topics  and  of  authors.  If  a  given  topic  is  taken  up 
in  a  number  of  places  it  will  draw  from  many  sources. 
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AfjUiaiion  with  Other  Societies:  The  Institute  branches 
should  be  the  local  electrical  societies,  making  unnecessary  other 
electrical  organizations.  They  should  cooperate  with  local 
engineering  societies,  often  taking  the  general  relationship  of 
electrical  sections  in  them.  The  holding  of  electrical  meetings 
which  all  members  of  the  local  society  may  attend  may  be  found 
ample  compensation  for  the  use  of  the  society's  rooms  as  a 
meeting  place. 

Vtsit^i.  Personal  visits  to  the  branches  by  officers  or  rep- 
resentatives oi  the  Institute  oi  by  lectures  should  be  v,x- 
teiided  Such  visits  have  been  found  quit'*  stimulating  tc  a 
number  of  the  branches.  The  labor  and  expense  involved  make 
this  difficult  to  carry  out  on  a  comprehensive  scale.  On  the 
other  hand,  if  attention  be  given  to  the  matter  it  will  be  prac- 
ticable to  make  a  number  of  appointments,  particularly  through 
the  agency  of  members  who  are  traveling. 

The  routine  management  of  the  Institute's  affairs  have  in 
the  past  not  taken  much  account  of  the  branches.  They  how- 
ever, have  developed  and  afford  an  opportunity  for  the  adminis- 
tration of  the  Institute  upon  a  broader  basis.  The  best  ways 
and  means  for  carrying  out  this  new  relationship  must  be  de- 
veloped by  experience.  The  income  of  the  Institute  does  not 
justify  a  very  large  expenditure  on  account  of  the  branches. 
The  dues  were  fixed  before  the  formation  of  branches  was  con- 
templated. Such  matters  as  club  features,  reading  rooms, 
refreshments,  paid  lecturers  and  the  like,  may  be  very  desirable, 
yet  the  Institute  treasury  certainly  cannot  be  called  upon  to 
meet  expenses  other  than  ordinary  "  meeting  "  expenses. 

University  Branches:  The  meetings  in  universities  meet  with 
quite  a  wide  variety  of  conditions.  In  some  the  Institute 
meetings  are  substantially  an  organic  part  of  the  educational 
system ;  in  others  they  are  of  less  moment,  precedence  in  certain 
institutions  being  given  to  local  electrical  or  engineering 
societies. 

In  general  our  electrical  professors  regard  the  local  Institute 
meetings,  and  the  connection  of  their  young  men  with  the  Insti- 
tute as  members  of  its  student  class,  as  profitable  and  stimu- 
lating, particulary  as  it  awakens  a  definite  interest  in  practical 
engineering  affairs. 

Professor  Norris,  of  Cornell  University,  a  member  of  the  Local 
Organization  Committee,  reports  as  follows: 

The  results  of  the  Ithaca  work  during  the  present  year  have  been  satis- 
factory indeed.  The  discussions  have  been  animated  and  helptul  and 
the  branch  is  recognized  as  an  important  aid  in  our  educational  work. 
The  presence  of  the  branch  greatly  stimulates  interest  in  the  Institute, 
which  is  evidenced  by  the  number  of  applications  for  associate  member- 
ship ^nd  vStudent  membership  sent  in  from  Ithaca.  Our  plan  is  to  dis- 
tribute advance  copies  before  the  meeting  and  to  assign  the  presentation 
of  the  papers  to  students  or  members  who  have  had  experience  in  the 
field  covered  by  the  paper.  A  feature  which  we  have  found  useful  is  to 
present  biographical  sketches  of  the  writers  of  the  papers. 
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A  report  from  the  University  of  Wisconsin  shows  that  the 
meetings  have  been  well  attended  and  a  considerable  interest 
developed.  The  attendance  has  been  greater  than  in  former 
years. 

From  these  and  other  reports  the  value  of  the  relationship 
between  the  universities  and  technical  schools  and  the  Institute 
is  shown  to  be  well  established.  The  principal  problem  in  this 
work,  as  in  that  of  the  regular  branches,  is  in  the  selection  of 
methods  which  are  best  applicable  to  the  particular  conditions 
and  to  carry  on  the  work  in  such  a  way  as  to  make  it  live,  inter- 
esting, and  profitable. 

Future  Prospects. 

There  has  never  been  an  occasion  in  which  the  two  elements, 
the  officers  of  the  Institute  on  the  one  hand,  and  the  represen- 
tatives of  the  Branches  on  the  other,  have  ever  gotten  together 
as  they  did  last  night.  In  a  measure  I  combine  the  two.  I  have 
been  closely  identified  with  the  New  York  management,  and 
I  am  also  not  a  New  Yorker,  and  have  the  outside  point  of 
view.  But  some  of  my  New  York  friends  have  had  the  strictly 
New  York  view;  they  have  not  appreciated  the  point  of  view 
of  the  man  outside  of  New  York.  On  the  other  hand,  the  men 
in  the  branches  have  not  seen  some  of  the  administrative  diffi- 
culties; they  have  not  had  quite  the  view  of  the  outside  work 
as  a  whole  which  they  should  have.  There  has  been  something  of 
misapprehension,  something  of  criticism,  now  and  then,  which 
is  a  condition  which  will  be  removed  when  the  two  sides  get 
together  and  talk  it  over  as  they  did  last  night. 

There  is  apparent  on  both  sides,  among  the  men  from  the 
outside  and  among  the  officers  from  New  York  at  this  time,  a 
firm  conviction  that  the  branches  constitute  one  of  the  strong 
elements  of  the  Institute  which  must  be  fostered  and  developed; 
that  the  means  of  carrying  this  out  and  the  methods  which  should 
be  used  are  hard  to  prescribe,  and  must  be  worked  out  one  by  one 
as  a  matter  of  development  or  evolution.  I  believe  we  have 
now,  as  we  never  had  before,  the  conviction  that  the  time  is  ripe 
for  the  branches,  that  this  is  the  broad  policy  upon  which  to 
develop  the  Institute,  and  also  the  determination  on  both  sides 
to  work  it  out  along  the  very  best  lines. 

These,  then, are  some  of  the  elements  of  general  policy:  first, 
that  the  branches  must  be  self-reliant ;  secondly,  that  the  branches 
must  be  an  important,  recognized  part  of  the  Institute,  making 
it  in  fact  as  well  as  in  name  a  national  organization;  and  thirdly, 
that  the  future  methods  of  the  Institute  must  be  such  as  to 
carry  out  these  ideas,  to  help  the  individual  branch  as  an  indi- 
vidual thing  and  to  incorporate  into  it  an  important  feature  of 
the  work  of  the  whole  Institute,  so  that  the  branch  itself  can 
profit  from  the  Institute,  and  so  that  the  Institute  as  a  whole 
can  get  the  best  results  from  the  strength  which  comes  from  its 
branches.  These  are  the  general  Unes  of  policy  upon  which 
I  think  all  are  substantially  agreed. 
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George  0.  Squier  :  There  seems  to  be  no  doubt  as  to 
the  value  of  the  branches,  and  the  question  is  as  to  the  method 
of  carrying  out  the  suggestions  for  improvement.  I  was 
far  enough  away  in  California  to  have  an  outside  view  of  the 
matter.  About  a  year  ago  an  attempt  was  made  to  start 
a  local  organization.  We  all  knew  we  had  plenty  of  ma- 
terial there,  men  who  rank  high  in  the  engineering  profes- 
sion, but  we  had  peculiar  circumstances  to  meet.  We  had 
two  rival  universities  close  together,  and  each  of  them  in  close 
proximity  to  the  city,  and  we  had  other  men  who  had  been 
connected  with  the  universities  and  were  at  the  time  connected 
with  commercial  organizations,  so  that  on  the  whole,  for  some 
reason  not  clearly  definable,  the  branch  in  San  Francisco  was  not 
started  as  early  as  it  might  have  been.  About  a  year  ago,  as  I 
remember,  the  matter  was  agitated,  and  post-cards  were  sent 
around  to  get  the  views  of  the  men  who  might  be  interested, 
and  we  were  surprised  to  find  the  number  of  people  ready  to 
cooperate.  A  hall  was  given  us,  the  Mechanics  Institute  Hall 
in  the  Library  Building  there,  and  the  meetings  began,  and  it 
was  really  surprising  to  find  how  beneficial  they  were.  We  foimd 
the  monthly  meetings  afforded  an  occasion  for  not  only  studying 
the  Transactions  of  the  Institute,  but  of  preparing  something 
definite  to  present  at  these  meetings,  and  thereby  getting  the 
opinions  of  good  men,  which  we  all  wanted  on  certain  subjects, 
and  which  we  would  not  get  otherwise. 

These  were  forwarded,  of  course,  to  the  Secretary,  and  some 
of  them  have  appeared  in  the  Proceedings  of  the  Institute. 
Another  feature  was  that  the  engineering  students  of  the  uni- 
versities came  into  our  branch  in  comparatively  large  numbers, 
so  we  started  these  young  men  who  intended  to  make  the  pro- 
fession their  life  work,  we  got  hold  of  them  early  in  life,  they 
learned  what  the  Institute  is,  and  they  got  acquainted  with 
some  of  the  men  high  in  the  profession,  and  altogether  it  was  a 
very  successful  affair. 

Another  feature  was  that  it  encouraged  original  ideas.  The 
members  were  induced  to  present  ideas  which  would  not  have 
been  brought  out  had  there  not  been  some  occasion  of  that  sort. 
We  started  with  practically  no  rules;  we  thought  we  would 
allow  the  matter  of  rules  to  develop.  I  think  that  is  an  excellent 
idea,  not  to  have  too  many  rules,  in  fact  very  few,  as  circum- 
stances vary  in  different  parts  of  the  country.  We  found  people 
would  bring  out  their  experiences  in  one  branch  or  another  of 
the  profession,  and  some  of  the  discussions  were  excellent. 

Up  to  the  time  I  left  there  about  a  year  ago,  the  attendance 
was  large  and  the  whole  matter  was  considered  by  every  one  as  a 
perfect  success.  I  believe  that  in  view  of  the  recent  disaster  things 
have  had  a  temporary  setback,  but  I  have  no  doubt  the  work 
will  be  taken  up  and  will  be  continued,  and  I  for  one,  from 
personal  experience,  know  the  value  of  these  opportunities  to 
get  into  touch  with  the  parent  institution.     If  you  are  kept  for 
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several  consecutive  years  outside  of  New  York,  you  find  the 
Proceedings  coming  in  year  after  year,  bat  the  distance  away 
from  headquarters  tends  to  lessen  the  general  interest  in  these 
things,  but  you  find  there  is  very  much  interest  in  having  a  meet- 
ing and  discussion  at  some  definite  place  and  time.  As  far  as  my 
individual  experience  goes,  I  testify  to  the  great  success  and 
value  of  this  sort  of  thing,  and  think  it  is  one  of  the  greatest 
objects  we  have  or  can  have  in  view,  and  that  is  to  nationalize 
this  institution  by  a  more  vigorous  cooperation  among  the 
branches. 

Kempster  B.  Miller:  I  am  a  great  believer  in  local  branch 
work  and  have  had  much  opportunity  to  study  it.  I  have  been 
actively  connected  with  the  committee  in  Chicago  for  four  years, 
and  chairman  of  it  for  two  years.  I  believe  that  I  can  say  our 
work  in  Chicago  is  successful.  We  have  good  attendance,  usu- 
ally over  100,  and  lively  discussions  are  the  rule. 

In  regard  to  the  kind  of  man  at  the  head  of  a  local  organization, 
I  think  reputation  per  se  has  little  to  do  with  it.  The  proper 
kind  of  man  is  the  busy  man.  It  is  my  experience,  after 
four  years'  work,  that  it  is  the  busy  men,  the  men  who  ought  to 
be  doing  something  else,  who  have  given  us  the  best  work  on 
the  committees. 

Local  branch  work  involves  a  great  deal  of  work  on  a  few 
men.  That  makes  me  believe  that  the  committees  as  a  rule  are 
too  large.  I  think  ours  in  Chicago  is  too  large.  I  think  five 
good,  strong  men  would  make  an  ideal  committee. 

Our  plan  in  Chicago  has  been  to  have  the  committee  meet 
occasionally  at  luncheon,  when  we  could  all  spare  a  little  time, 
to  talk  over  the  program  for  the  next  meeting  and  to  delegate 
to  two  of  our  members  the  responsibility  of  arranging  for  each 
meeting  and  making  all  necessary  provisions  regarding  it.  In 
that  way  we  have  somewhat  minimized  the  labor  and  also 
secured  definite  lesponsibility  for  each  meeting. 

The  greatest  fault  I  see  in  the  present  method  of  handling 
the  branch  work  is  the  lack  of  any  sort  of  real  cooperation  be- 
tween the  branches  and  the  main  organization.  I  do  not  put 
the  blame  or  lack  of  cooperation  anywhere.  I  am  willing  to 
take  a  good  deal  of  the  blame  myself;  but  I  believe  that  if  some 
method  could  be  had  whereby  the  men  in  charge  of  the  local 
branches  could  feel  that  they  were  part  of  the  big  organization, 
not  only  in  name,  but  in  fact,  it  would  result  in  great  good. 

I  do  not  believe  our  branch  in  Chicago  needs  '*  nursing,"  to 
apply  Mr.  Scott's  term,  but  I  do  think  that  when  any  number 
or  group  of  people  are  trying  to  further  the  interest  of  a  great 
body,  they  (undo  a  great  deal  better  work  if  they  all  pull  together. 
I  believe  one  good  way  to  bring  about  this  cooperation  would 
be  to  have  a  representative  in  every  important  branch  at  least  on 
the  Committee  on  Papers.  I  think  that  would  give  an  important 
working  connection  between  the  organizations.  I  think  also 
it  would  be  well  to  have  some  good  committee  in  New  York, 
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with  perhaps  an  assistant  secretary,  to  take  up  with  the  various 
branches  in  a  suggestive  way,  an  advisory  way,  and  above  all 
things  in  a  helpful  way,  the  work  which  the  various  branches 
are  doing. 

C.  P.  Steinmetz:  From  my  experience  with  local  branches, 
and  as  a  result  of  listening  to  the  discussion,  I  believe  there  are 
two  classes  of  local  branches,  educational  branches  and  origin- 
ating branches.  Some  of  the  very  active  branches  are  mostly 
engaged  in  educational  work,  and  closely  connected  with  uni- 
versities. Their  work  consists  in  reading  and  discussing  our 
papers  with  the  students,  using  them  for  educational  purposes, 
and  they  are  related  to  the  Institute  as  a  feeder  of  the  member- 
ship; they  are  interesting  the  students  and  the  local  engineers 
in  the  Institute,  and  inducing  them  to  join  it.  These  branches 
rarely  have  original  papers  read  before  them,  and  it  is  not  the 
purpose  they  are  aiming  at.  A  representative  of  these  branches 
on  the  Committee  on  Papers  would  be  of  less  utility,  and  would 
hardly  be  asked  for.  The  other  class  of  branches  are  those 
which  read  papers  of  their  own,  more  or  less  original.  These 
branches  are  of  the  same  character  as  the  Institute  at  large 
do  the  same  class  of  work,  only  to  a  lesser  degree  in  quantity, 
though  not  quality,  in  accordance  with  the  lesser  number  of 
members.  These  branches  may  well  be  put  on  a  certain  equality 
with  the  New  York  b'-anch  by  giving  them  representation  on 
the  Committee  on  Papers,  or,  what  I  should  consider  preferable, 
by  permitting  these  branches  to  have  a  local  committee  on 
papers  and  giving  this  local  committee  on  papers  power  to 
correspond  with  and  be  represented  in  the  national  committee 
on  papers. 

There  is  one  more  feature  which  might  well  be  considered, 
which  I  have  not  heard  referred  to,  and  which  appears  to  me  of 
importance  in  establishing  the  relations  between  the  local  organ- 
izations and  the  national  body  more  closely.  By  the  Constitu- 
tion it  is  required  that  the  vice-presidents  should  be  distributed 
geographically.  This  has  not  always  worked  out  well  and  is 
difficult  to  do,  because  a  quorum  of  the  Board  of  Directors  is 
required  at  the  n^eetings  which  are  held  in  New  York.  The 
chairman  or  delegate  of  every  local  branch  should  be  informed 
of  every  meeting  of  the  Board  of  Directors  and  should  have  the 
right  to  be  present  at  the  meeting  of  the  Board  of  Directors,  have 
no  vote,  but  merely  the  right  to  consult  with  the  Board  of  Directors. 
In  this  connection  I  believe  it  might  not  be  a  bad  scheme  to 
extend  representation  in  the  Board  of  Directors,  as  consulting 
members  without  vote,  to  all  the  past  presidents  of  the  Insti- 
tute. The  Board  of  Directors,  which  is  the  central  executive 
and  administrative  body,  should  be  in  more  continuous  and 
close  touch  with  the  past  history  of  the  policy  of  the  Institute 
as  represented  by  the  past  presidents,  as  well  as  with  the  present 
history  of  the  Institute  at  large,  as  represented  in  its  local 
branches,  by  having  representatives  of  both  on  the  Board  for 
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consultation.  The  Institute  is  growing  so  large  and  im- 
portant, that  something  of  this  kind  appears  to  me  desirable. 
I  do  not  believe  you  can  establish  rigid  rules  for  the  local 
branches,  but  must  let  the  local  branches  work  out  their  own 
salvation ;  but  in  this  direction  a  very  flexible  committee  on  local 
branches  in  New  York  City,  with  considerable  power,  would 
very  greatly  assist  the  local  organizations.  The  different  experi- 
ences with  different  branches  appears  to  me  due  to  largely  those 
two  main  characteristics ;  a  meeting  in  Philadelphia  and  a  meeting 
at  the  Wisconsin  University,  while  of  the  same  intellectual 
standing,  are  inherently  different  in  character  and  class  of  the 
work  they  do,  and  their  organization  and  relation  to  the  national 
body  must  therefore  also  be  different,  and  different  again  must 
be  the  local  organization  in  a  place  such  as  Schenectady,  which 
essentially  represents  an  electrical  manufacturing  company. 
You  cannot  make  rigid  rules  to  cover  all  these  cases. 

Samuel  Sheldon:  I  think  it  is  conceded  by  all  that  we  have 
the  success  of  the  Institute  at  heart  and,  as  suggested  by  Mr. 
Miller,  the  advance  of  its  interests  can  best  be  accomplished  by 
cooperation  between  the  local  organizations  and  the  central 
executive  board,  which,  by  accident,  happens  to  be  in  New  York. 

Now,  in  order  b<^st  to  cooperate,  we  should  consider  what  the 
elements  of  the  success  of  the  Institute  are.  From  various 
criticisms  and  suggestions  it  appears  that  the  success  of  the 
Institute  is  variously  considered  by  various  minds.  Some 
consider  that  a  large  excess  of  income  over  outgo  determines  it ; 
others  that  a  large  volume  of  transactions  is  representative  of 
success,  for  each  member  gets  more  in  return  for  his  dues; 
another  class  considers  that  superior  quality  of  transactions, 
giving  great  prestige,  is  the  element  of  success  which  is  of  the 
greatest  importance.  I  consider  that  the  social  and  instructional 
element  is  also  of  great  importance.  Another  element  which 
we  all  appreciate  is  the  size  and  comprehensiveness  of  our  mem- 
bership. Concerning  the  number  of  members  of  the  Institute, 
when  the  local  organization  movement  had  its  resurrection 
under  President  Scott,  he  expressed  the  opinion,  in  his  opening 
address,  that  the  potentiality  of  our  membership  was  25,000. 
He  may  have  been  too  enthusiastic;  he  may  have  been  correct. 
At  any  rate,  that  figt're  is  much  larger  than  our  present  member- 
ship, which  is  approximately  4000.  The  local  branches  can 
greatly  assist  in  increasing  the  roll  of  membership.  They  know 
of  those  who  reside  in  their  districts,  the  ones  that  are  eligible 
as  associates,  and  they  can  persuade  these  gentlemen,  if  they 
will,  to  join  the  Institute.  If  our  present  members  would  each 
one  bring  in  a  single  new  member  during  the  coming  year,  next 
year  we  could  boast  of  8000  members,  and  in  a  short  time  we 
would  have  our  full  complement. 

As  concerns  the  income  of  the  Institute,  there  are  two 
things  that  the  local  organizations  can  do.  They  can  at- 
tend   to   their    financial    obligations   to    the    Institute    and 
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they  can  ascertain  the  Institute  requirements  for  transfer 
from  Associate  to  Membership,  one  of  wliich  entails  an 
increase  in  dues,  and  they  can  for  themselves  determine 
whether  they  are  qualified  for  transfer.  Should  they  find 
such  to  be  the  case,  and  should  they  merely  communicate 
this  fact  to  the  Secretary,  giving  what  evidence  they  have  to 
sustain  their  positions,  there  will  be  no  difficulty  in  their  being 
transferred.  There  seems  to  be  a  great  misunderstanding  on 
the  part  of  the  members  as  to  the  work  of  the  Examining  Board. 
If  Associates,  who  have  in  mind  making  appHcation  for  transfer 
to  the  grade  of  Member,  would  carefully  read  over  the  Institute 
requirements,  they  could  from  these  settle  for  themselves  without 
any  difficulty  all  questions  as  to  eligibiUty.  The  duty  of  the 
Board  of  Examiners  would  then  be  largely  of  a  clerical  rather 
than  of  a  judicial  nature. 

The  determination  of  the  bulk  of  the  Transactions,  and  the 
quantity  of  material  which  is  to  be  published,  is  a  question  of 
policy.  It  can  be  made  larger  if  it  be  desirable  within  reason- 
able limits,  that  are  dictated  by  cost,  or  it  can  be  made  smaller. 
The  quahty  of  the  subject  matter  in  the  printed  publications 
of  the  Institute  is  a  very  important  factor.  The  local  organiza- 
tions can  assist  in  improving  that  quality  by  corraHng  the  talent 
in  their  vicinities.  The  Constitution,  as  I  read  it,  in  con- 
nection with  the  By-laws,  limits  the  membership  of  the 
Committee  on  Papers  to  five.  The  number  of  volunteered 
papers  read  before  the  Institute  is  about  10  per  cent,  of  those 
presented ;  that  leaves  90  per  cent,  to  be  secured  upon  suggestion 
and  invitation  from  the  Committee  on  Papers.  Having  a  mem- 
bership of  only  five,  and  a  necessarily  limited  acquaintance  with 
the  profession  at  large  and  with  individual  abilities,  it  can  be 
seen  how  the  committee  is  hampered  by  the  conditions  under 
which  it  is  forced  to  act. 

Consider  this  other  element  which  may  be  called  social  or 
instructive ;  as  we  nurture  our  children  and  instruct  them  when 
they  are  young  and  before  they  take  hold  of  the  heavy  battles 
of  life,  and  as  we  advise  them  in  their  later  problems  and  studies, 
so  it  is  desirable  that  our  great  and  growing  mass  of  younger 
members  should  be  nurtured  and  advised.  A  proper  sphere  of 
activity  of  the  local  branches  is  to  instruct,  advise,  and  encourage; 
and  a  great  deal  of  material  which  none  of  us  would  care  to  have 
published  in  our  Transactions  can  be  locally  presented  and 
yet  be  of  great  value  to  the  younger  members. 

It  seems  perfectly  feasible  and  not  very  difficult  to  arrange 
so-  that  the  papers  and  discussions  of  the  local  branches  shall 
receive  the  same  editorial  treatment  as  those  occurring  at  New 
York  or  at  the  annual  conventions;  to  arrange  an  equable  dis- 
tribution of  the  expenditures,  after  deducting  publication, 
executive,  and  reserv^e  expenditures;  and  to  arrange  for  the  local 
original  presentation  of  papers  from  our  best  contributors. 
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THE  WORK  OF  THE  INSTITUTE. 


By  Samuel  Sheldon,  President, 


At  the  last  convention,  held  in  Milwaukee,  the  question  of  the 
work  of  the  branches  of  the  Institute  and  their  relations  to  the 
executive  offices  in  New  York  revealed  the  fact  that  there  was 
considerable  lack  of  information  concerning  the  scope  of  the 
Institute  work  and  the  method  of  carrying  it  on.  The  growth 
of  the  Institute  as  a  National  organization  and  the  extension 
of  its  usefulness  to  its  membership  is  so  largely  dependent  upon 
the  intelligent  co6pi*ration  of  the  local  organizations  that  it 
seems  desirable  that  all  should  be  familiar  with  its  work. 

Secretary's  Office. 

The  Secretary  is  the  executive  officer  of  the  Institute  and 
has  charge  of  all  of  its  routine  work.  Because  of  his  familiarity 
with  all  phases  of  the  work,  he  is  being  constantly  called  into 
conference  with  the  officers  and  committee  men  over  questions 
of  policy,  ways  and  means.  He  receives  many  calls  from  mem- 
bers visiting  New  York,  and  is  often  able  to  assist  and  give 
valuable  advice  and  introductions  in  furtherance  of  professional 
purposes.  This  is  especially  true  in  the  case  of  members  coming 
from  foreign  countries.  In  carrying  on  his  work,  except  that 
which  he  is,  by  the  Constitution,  required  himself  to  perform, 
he  has  the  assistance  of  a  staff  of  six  assistants  besides  an  editor 
and  a  bookkeeper.  The  character  and  amount  of  routine  work 
done  during  the  year  ending  April  30,  1906,  is  indicated  by  the 
following: 

Institute  Office  Statistics  for  Year  Ending  May  1,  1906. 

During  the  year  there  were  9802  letters  received,  entered,  and 
tiled,  and  more  than  4000  written.  There  were  2760  changes  of 
address  made  in  the  catalogue,  directory,  mailing-list  and  card- 
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index.     This  indicates  that  the  addresses  cf   more  than  70  per 
cent,  of  the  members  were  changed  during  the  year. 

The  number  of  bills  rendered  was  5928,  items  of  remittances 
received.  4858;  bills  received  and  checked,  825;  checks  and 
warrants  drawn,  338. 

There  were  572  applications  for  election  received,  and  in  con- 
nection therewith,  1716  endorsement  forms  were  issued,  of  which 
1638  were  returned.  The  niunber  of  applicants  for  transfer 
was  53,  involving  the  forwarding  and  return  of  more  than  600 
inquiry  forms  for  the  consideration  of  the  Board  of  Examiners. 

Seven  editions  of  monthly  annoimcements,  aggregating  96 
pages,  were  prepared  and  distributed. 

Numerous  notices  and  circular  letters  were  prepared,  printed, 
and  distributed  to  the  membership.  These  related  to  a  variety 
of  subjects,  such  as  Institute  meetings,  convention,  proposed  re- 
vision of  the  Constitution,  proposed  law  regarding  the  metric 
system,  invitations  to  visit  Europe  from  our  sister  societies  in 
England  and  Italy,  and  other  Institute  business. 

The  number  of  pages  of  engineering  papers  and  discussions 
edited  and  proofread  for  publication  in  the  Transactions,  was 
1138.  In  connection  therewith  91  half-tone,  196  wax,  and  68 
zinc,  engravings  were  made.  In  addition  to  the  above  men- 
tioned engineering  papers,  there  were  about  250  pages  of  current 
Institute  news  prepared  and  published  in  the  monthly  Pro- 
ceedings, and  not  included  in  the  Transactions.  More  than 
54,000  copies  of  the  Institute  Proceedings  were  mailed; 
60,250  advance  copies  of  engineering  papers  were  printed  and 
distributed. 

The  cost  of  the  year's  work,  for  the  Transactions,  salaries,  post- 
age, express,  stationery,  printing  etc.,  was  $40,767.22,  or  $10.48  per 
member.  The  total  receipts  per  member  during  this  period 
were  $12.97,  and  therefore  five-sixths  of  the  receipts  were  dis- 
bursed in  the  interests  of  the  membership  at  large,  irrespective  of 
location. 

The  Board  of  Directors. 

The  Board  meets  regularly  once  a  month  and  performs  the 
duties  customary  with  such  a  body.  It  makes  appropriations, 
approves  b^lls  and  recommendations  from  committees,  and  de- 
termines and  outlines  broad  questions  of  policy. 

The  Constitution  authorizes  the  appointment  of  an  Execu- 
tive Committee  of  seven  members  to  which  the  Board  may 
delegate  certain  of   its  powers.     This  provision  was  made   to 
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enable  the  Institute  work  to  go  on  in  case  a  quorum  of  the 
Directors  could  not  be  obtained.  However,  the  Executive 
Committee  has  had  but  few  meetings  in  several  years,  because 
of  the  large  attendance  of  the  Directors,  and  their  great  interest 
in  the  Institute  work.  The  members  of  the  Board  are  as  a  rule 
quite  familiar  with  details.  Their  attendance  is  probably  due 
not  only  to  their  immediate  interest  in  the  Institute  work, 
but  to  the  fact  that  the  meetings  offer  an  opportunity  for  pro- 
fessional intercourse  between  its  members.  With  a  wider  geo- 
graphical distribution  of  the  membership  of  the  Board,  it  might 
in  the  future  seem  desirable  to  make  greater  use  of  the  Executive 
Committee,  but  one  or  two  meetings  per  year  of  the  full  Board 
being  held.  Under  such  circumstances  it  might  seem  advisable 
to  furnish  free  transportation  to  the  members  coming  from  a 
distance. 

As  is  usual  in  similar  organizations,  much  work  is  performed 
by  committees  under  the  immediate  direction  of  their  respective 
chairmen.  The  general  character  of  the  work  of  these  com- 
mittees, and  some  of  the  problems  which  they  are  endeavoring 
at  present  to  solve,  follow: 

The  Board  of  Examiners. 

This  board  receives  from  the  Secretary  all  applications  for 
membership,  or  for  transfer,  passes  upon  the  qualifications  of  the 
various  applicants,  and  makes  recommendations  to  be  acted  upon 
by  the  Board  of  Directors.  The  requirements  for  election  as 
an  Associate  are  so  easily  fulfilled  that  only  about  2%  of  the 
applicants  fail  to  qualify. 

The  requirements  for  transfer  to  the  grade  of  Member  are 
specifically  stated  in  the  Constitution,  and  it  is  desirable  that 
a  high  standard  should  be  maintained.  It  seems  as  though 
applicants  for  transfer  could  readily  determine  for  themselves, 
from  a  perusal  of  the  Constitution,  whether  or  not  they  are 
eligible  for  transfer  to  this  higher  grade.  A  large  portion  of  the 
labor  of  this  committee  is  due  to  the  loose  and  indefinite  manner 
of  filling  out  the  specification  papers  on  the  part  of  the  applicant; 
and  the  tendency  to  refer  to  members  of  professional  eminence, 
or  those  prominent  in  Institute  work,  rather  than  to  members 
who  are  familiar  with  the  applicant's  career  and  who  arc  competent 
to  corroborate  the  statements  made  in  his  application.  Careful 
reading  of  the  Constitution  and  By-laws ;  definiteness  in  filling  out 
the  application  blank,  and  proper  selection  of  references,  will 
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facilitate  the  work  of  this  committee,  and  materially  reduce  the 
time  necessary  for  transfer. 

The  Committee  on  Increase  of  Membership. 

The  removal  of  the  Executive  Offices  to  the  new  Engi- 
neering Building  will  entail  an  increased  expenditure  for 
carrying  on  the  Institute  work.  To  provide  for  this,  the  sim- 
plest method  seems  to  be  to  increase  the  membership.  The  Sec- 
retary's staff  is  able,  with  slight  additional  expense,  to  take  care 
of  twice  as  many  members  as  we  have  at  present.  The  increase 
of  expenditure  incurred  by  the  increase  of  membership  will  be 
due  to  an  increase  in  the  number  of  Transactions,  of  printing, 
and  of  postage.  The  enormous  annual  growth  of  the  electrical 
industries  is  accompanied  by  a  similar  increase  in  the  material 
available  for  membership;  and  the  figure  of  25,000  possible 
members  given  by  President  Scott  in  his  inaugural  address, 
seems  by  no  means  to  be  extraordinary.  While  in  recent  con- 
ference with  a  member,  concerning  the  make  up  of  a  committee, 
of  the  several  names  suggested  as  suitable  for  appointment, 
one  half  were  not  to  be  found  in  the  Institute  directory.  The 
small  number  of  members  in  some  of  our  states,  to  which  Presi- 
dent Scott  called  attention,  has  not  been  materially  increased. 
Perhaps  this  is  due  to  the  fact  that  persons  eligible  for  member- 
ship are  engaged  in  the  operation  of  plants  of  but  medium  or 
small  size,  and  that  in  our  papers  and  discussions  sufficient 
attention  has  not  been  given  to  this  kind  of  work  to  stimulate 
their  interest  and  warrant  their  enrolment.  One  of  our  fore- 
most and  largest  universities,  with  an  electrical  engineering  course 
in  its  curriculum,  has  not  a  single  person  connected  with  it  whose 
name  appears  upon  our  rolls,  nor  does  its  library  subscribe  for 
our  Transactions;  on  the  other  hand,  another  of  our  large 
universities  has  connected  with  it  22  Members  and  Associates. 
This  committee  is  about  to  take  active  measures  to  bring  to  the 
attention  of  non-meml)crs  the  advantages  to  be  obtained  from 
membership  in  our  organization. 

The  Committee  on  Telephony. 

Complaints  have  been  received  from  members  engaged  in 
telephone  work,  that  not  sutiicient  attention  has  been  given  in 
the  past  to  this  subject;  and  in  some  cases  resignations  have  been 
threatened  for  this  reason.  It  is  true  that  the  number  of  papers 
presented  on  this  subject  has  been  few,  although  those  pre- 
sented have  been  by  the  most  eminent  authorities,  and  some  of 
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them  have  been  classic  in  character.  This  committee  will  take 
measures  to  increase  the  usefulness  of  the  Institute  to  this  art, 
by  arranging  for  meetings  on  this  subject,  designed  to  bring 
out  discussion  from  members  who  are  too  busy  to  prepare  papers, 
these  meetings  to  be  held  at  various  branches  instead  of  at  New 
York.  It  will  also  assist  the  preceding  committee  in  widening 
our  membership  in  telephone  circles. 

The  Committee  on  Local  Organizations. 

A  marked  increase  in  the  usefulness  of  the  Institute  cannot 
be  accomplished  except  through  the  cooperation  of  the  executive 
committees  of  the  branches.  It  is  therefore  desirable  that  the 
branches  should  be  well  organized,  and  that  their  work  should 
be  carried  on  in  a  manner  as  efficient  as  possible.  It  seems 
desirable  that  in  most  cases  their  executive  committees  should 
be  made  up  of  but  five  members,  and  that  the  time  of  their 
election  should  be  shortly  after  the  regular  Institute  election, 
to  enable  them  to  make  preparation  for  active  work  when  the 
Institute  year  starts  in  September.  A  larger  committee 
enables  the  members  to  shift  upon  each  other's  shoulders  the 
responsibilities  for  good  branch  work,  which  results  in  a  lack 
of  coordinated  effort.  The  exceedingly  attractive  program 
of  the  Schenectady  Branch  for  the  coming  season  has,  however, 
been  arranged  by  a  committee  of  nine.  The  branches  should 
be  in  constant  communication  with  the  Secretary's  office,  not 
simply  that  the  progress  of  their  work  may  be  known,  but  so 
that  they  may  give  and  receive  suggestions  with  a  view  to  attain- 
ing a  greater  efficiency.  The  branches  can  be  of  great  assistance 
in  increasing  the  membership  by  exerting  organized  efforts  in 
the  localities  of  which  they  are  centres.  They  can,  without 
undue  loss  of  dignity,  from  immediate  knowledge  suggest  to 
Associates  in  their  vicinity  the  desirability  of  making  applica- 
tion for  transfer  to  the  grade  of  Member.  The  transfer,  it  is 
true,  means  slightly  increased  dues;  but  this  slight  additional 
cost  is  more  than  compensated  for  by  the  prestige  resulting  from 
the  official  recognition  of  the  applicant's  professional  attain 
ments  and  standing  by  the  Institute's  Board  of  Directors. 

Furthermore,  such  slight  additional  expense  is  but  a  small 
matter  to  such  members;  and  it  is  their  duty  to  the  organization 
which  represents  their  profession  to  enroll  themselves  in  its 
advanced  grade. 

Interest  in  the  branch  meetings  will  be  hard  to  sustain  if  the 
programme  consists  chiefly  of  papers  that  have  been  previously 
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read  in  New  York.  It  is  very  desirable  that  original  papers 
should  be  presented,  and  that  local  talent  should  be  brought 
to  the  front.  Efforts  should  also  be  made  to  obtain  original 
papers  from  men  eminent  in  our  society,  but  who  Hve  at  a  dis- 
tance. This  has  been  done  with  marked  success  in  some  branches 
and  discussions  of  great  value  have  been  drawn  from  those  in 
attendance,  but  from  whom  formal  papers  could  not  be  obtained 
without  great  difficulty.  Arrangements  will  be  made  in  the 
future  to  publish  the  best  of  these  papers  in  the  Transactions. 
Experience  shows  that  eminent  engineers  coming  from  a  dis- 
tance take  great  pains  to  please  their  audiences,  and  are  rewarded, 
encouraged,  and  helped  by  the  sympathetic  attitude  of  their 
listeners.  lectures  or  instructional  papers,  by  local  members 
of  expository  ability,  deahng  with  prior  art  and  conditions, 
underlying  theory,  or  present  standard  practice,  are  of  particular 
value  to  younger,  rising  members,  and  properly  find  a  place  in 
the  branch  program.  It  is  also  desirable  that  an  annual  calen- 
dar, including  the  dates  of  future  branch  meetings,  should  be 
made  up,  to  enable  the  Secretary's  office  to  cooperate  with  the 
executive  committees  of  the  branches.  All  this  work  of  the 
branches  will  be  coordinated  and  assisted  through  the  efforts 
of  the  Committee  on  Local  Organizations. 

The  Committee  on  High-Tension  Transmission. 
The  results  of  the  work  of  a  committee  thus  designated,  pub- 
lished during  1902-3,  proved  of  such  great  value  that  they  were 
reprinted  and  bound  in  a  single  volume  under  the  auspices  of  a 
publishing  company  in  cooperation  with  the  Institute,  and 
placed  upon  sale  so  as  to  be  accessible  to  the  public.  In  view  of 
the  many  systems  installed  since  that  time,  and  the  large  nmnber 
of  proposed  systems  for  transmission  over  much  greater  dis- 
tances than  ever  before,  which  will  use  increased  voltages, 
involving  many  difficulties  of  insulation,  of  protection,  and  of 
construction,  the  reappointment  of  a  committee  for  this  work  has 
been  deemed  advisable.  The  meetings  arranged  by  this  com- 
mittee will  be  held  at  interior  points  in  order  to  instire  wide 
representation,  large  attendance,  and  full  discussion. 

The  Library  Committee. 
This   committee  has  a  great  deal  of  work  in  hand.     Besides 
installing    and    systematizing   our    present    library    in    its   new 
quarters,    some    organization    for   cooperative    management  in 
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connection  with  the  libraries  of  the  Mining  and  the  Mechanical 
Engineers  should  be  effected.  By  the  Constitution,  this  com- 
mittee is  required  to  direct  the  expenditures  for  the  furnishings 
which  will  be  reqiiired  in  the  new  executive  offices.  In  the  past 
the  library  has  been  but  of  small  use  to  the  members  not  residing 
in  New  York  and  its  vicinity.  It  is  expected  that  in  the  near 
future  arrangements  will  be  made  by  which  distant  members 
can  obtain*  lists  of  pubUcations  on  desired  subjects,  abstracts, 
and  translations  for  a  nominal  fee.  This  committee  will  also 
prepare  an  authors'  and  subject  index  of  the  Transactions,  in 
which  will  be  included  the  papers  presented  at  the  International 
Electrical  Congress,  held  at  St.  Louis  in  1904. 

To  meet  adequately  the  requirements  of  the  membership  repres- 
ented by  the  United  Engineering  Society,  extensive  additions 
should  be  made  to  the  existing  three  libraries.  Competent  au- 
thorities have  considered  this  question,  and  have  concluded 
that  there  should  be  an  immediate  expenditure  of  $125,000,  and 
a  fund  which  would  provide  an  annual  income  of  $30,000  to  be 
expended  for  maintenance  and  operation. 

The  Committee  on  Bibliography. 

This  committee  expects  to  have  in  press  by  next  December 
a  chronologically  arranged,  annotated  bibliography  of  the 
Wheeler  Gift.  In  addition  to  the  main  bibliography  of  books 
and  periodicals  there  will  be  appendices  covering  a  great  part  of 
the  pamphlet  literature,  including  parliamentary  papers,  patents 
and  litigation,  trade  catalogues,  prospectuses  and  reports  on 
projected  undertakings  in  telegraphy,  cable  and  telegraph 
tariffs,  and  instructions  to  operators  as  to  the  care  and  use  of 
instruments,  and  extracts  cut  from  periodicals  not  devoted  ex- 
clusively to  electrical  subjects.  The  book  will  contain  about 
500  pages.  Its  preparation  has  entailed  a  great  deal  of  labor, 
and  the  manuscript  has  been  critically  examined  at  the  British 
Museum,  in  the  libraries  of  several  of  the  European  electrical 
associations,  and  in  our  own  Congressional  Library. 

The  Editing  Committee. 

This  committee,  upon  which  rests  the  responsibility  of  the 
publications  of  the  Institute,  has  in  the  past  been  burdened 
with  a  mass  of  correspondence  and  critical  reading  which  it  is 
unfair  to  expect  without  compensation.  There  is  no  valid 
reason  why  the  responsibility  should  not  be  delegated  to  the 
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Editor  and  the  labor  be  performed  in  the  Secretary's  office. 
Furthermore  the  services  of  this  committee  are  needed  in  other 
directions.  The  monthly  Proceedings,  because  of  the  charac- 
ter of  its  contents,  appears  irregularly  and  frequently  remains 
unopened  or  unread  upon  its  receipt.  This  condition  should 
not  be  allowed  to  persist.  Every  number  should  contain  such 
fresh,  interesting  and  valuable  material  as  to  excite  curiosity 
and  command  the  immediate  attention  of  him  who  receives  it. 
It  should  be  the  official  organ  of  the  Institute  in  fact  as  well  as 
in  name.  Its  ephemeral  portion,  besides  containing  the  announce- 
ments from  the  Executive  Offices,  should  contain  news  concerning 
the  individual  members  and  the  branches. 

The  Editing  Committee  will  consider  this  matter  with  a  \'iew 
of  not  only  making  the  Proceedings  more  attractive  but  of 
increasing  its  value  as  an  advertising  mediiun. 

The  Committee  on  Standardization. 

Professor  F.  B.  Crocker  and  Mr.  C.  0.  Mailloux  of  this  committee 
represented  the  Institute  at  a  meeting  held  recently  in  England 
in  which  ten  nations  were  represented.  An  organization  of  an 
International  Electrotechnical  Commission  was  effected  in  which 
the  Institute,  as  representing  the  United  States,  will  be  en- 
titled to  one  vote.  This  commission  will  probably  meet  during 
the  coming  year.  This  committee  also  has  in  hand  the  rearrange- 
ment and  reclassification  of  a  report  which  was  presented,  in  a 
preliminary  form,  at  the  last  convention  of  the  Institute. 

Committee  ox  National  Electric    Code. 

This  committee  will  continue  to  look  after  the  interests  of 
the  Institute  in  the  meetings  of  the  National  Conference  on 
Standard  Electrical  Rules  and  the  Underwriters  National 
Electric   Association. 

The  Committee  un  Law. 

This  committee  considers  the  legal  aspect  of  actions  about  to 
be  taken  by  lli<*  Hoard  of  Direelors,  interprets  the  Constitution 
and  Hy-laws,  and  makes  recommendations  concerning  their 
amendments. 

The  Committee  on  Papers. 

This  committee,  besides  carrying  on  the  usual  work  of  arrang- 
ing   for  meetings  and  directly   soliciting   papers,    expects   the 
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cooperation  of  the  executive  committees  of  the  branches  and 
of  the  Committee  on  Local  Organizations  in  its  work.  With 
this  assistance  it  expects  to  present  an  attractive  program. 

The  Committee  on  Finance. 

The  direct  supervision  of  the  financial  affairs  of  the  Institute 
is  entrusted  to  this  committee,  approval  of  all  bills  for  payment 
and  recommendations  as  to  the  investment  of  funds  resting 
with  it.  The  financial  arrangements  attending  the  removal  of 
the  Institute  offices  into  the  new  Engineering  Building  and 
the  details  of  the  adjustment  of  our  financial  relations  with  the 
United  Engineering  Society  will  be  considered  by  this  conunittee. 

The  Building  Fund  Committee. 

As  a  result  of  the  admirably  directed  efforts  of  this  committee 
$132,000  has  been  raised;  of  this  $94,000  has  been  paid  and 
$38,000  is  in  the  form  of  time-pledges.  It  is  hoped  and  ex- 
pected that  when  the  new  building  is  formally  given  over  to  the 
United  Engineering  Society  during  the  coming  year,  the  whole 
amount  of  $180,000  due  from  our  Institute  will  have  been 
raised.  The  architect  a  few  days  ago  stated  that  the  building 
will  be  ready  for  our  occupancy  on  Dec.  1,  1906. 

This  building  is  bound  to  become  a  center  of  activity  which 
will  help  to  shape  the  destiny  of  our  nation.  The  present  re- 
markable epoch  which  Mr.  George  S.  Morison  states  is  charac- 
terized by  **  the  manufacture  of  power,**  is  due  primarily  to  the 
professional  activities  of  the  members  of  the  three  foimder 
societies  whose  representatives  form  the  holding  and  adminis- 
tering corporation  known  as  the  United  Engineering  Society. 
Our  work  does  not  end  here.  Having  brought  about  this  con- 
dition, it  now  rests  with  us  to  control  it.  On  us,  then,  rests 
largely  the  responsibility  for  the  overcoming  of  the  short-sighted 
and  selfish  extravagance  in  the  use  of  our  natiu*al  resources  so 
recently  commented  upon  by  Mr.  James  J.  Hill.  The  immediate 
future,  prophetically  described  by  Mr.  Hill,  with  its  expensive 
fuel,  its  scarcity  of  iron,  and  its  large  population  will  demand 
from  these  members  a  more  efficient  transformation,  transmis- 
sion, and  utilization  o^  our  supplies  of  stored  energy,  and  a  more 
extensive  use  of  our  immediately  received  energy.  The  new 
Engineering  Building  stands  for  the  fulfilment  of  this  great 
purpose. 
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THE  EFFECT  OF  IRON  IN  DISTORTING  ALTERNATING- 
CURRENT  WAVE  FORM. 


BY  FREDERICK  BEDELL  AND  ELBERT  B.  TUTTLE 


Introduction. 

It  is  well  known  that  in  a  circuit  containing  no  iron  an  im- 
pressed sinusoidal  electromotive  force  will  cause  a  sinusoidal 
current  to  flow,  the  current  lagging  behind  the  impressed  elec- 
tromotive force  by  an  amount  depending  upon  the  relative  values 
of  the  resistance  and  inductance,  which  in  this  case  is  constant. 
Assimiing  inductance  alone  in  the  circuit,  the  sine  current  which 
flows  lags  90°  behind  the  sine  electromotive  force  and  repre- 
sents no  power,  the  power-factor  (cos  90°)  being  zero. 

It  is  also  well  known  that  if  the  conductors  of  the  circuit 
encircle  iron,  the  inductance  will  no  longer  be  constant.  The 
current  resulting  from  an  impressed  sinusoidal  electromotive 
force  will  no  longer  be  sinusoidal,  but  will  be  distorted  and 
consist  of  a  first  harmonic  or  fundamental  sine  current  of 
the  same  frequency  as  the  electromotive  force,  and  harmonics 
of  3,  5,  7  etc.  times  the  fundamental  frequency. 

One  of  the  first  studies  of  this  subject  was  made  by  Ryan 
and  Merritt*  who,  from  experimental  'turves  of  current  and 
electromotive  force,  determined  the  hysteresis  loop  for  the  iron 
of  a  transformer.  Steinmetz^  taking  certain  hysteresis  loops 
and  assuming  a  sinusoidal  electromotive  force,  has  determined 
the  complex  current  wave  for  a  large  number  of  cases. 

The  purpose  of  the  present  writers  is  to  study  more 
fully  the  relation  between  the  harmonics  introduced  by  iron 

♦  Transactions,  A.I.E.E.,  Vol.  VII.,  p.  1. 

1.  Steinmetz:  Alternating  Current  Phenomena,  Chap.  X. 
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into  the  current  wave,  and  the  hysteresis  loop  of  the  iron  to 
which  these  harmonics  are  due.  For  example,  it  can  be  shown 
that  certain  harmonics,  defined  by  their  amplitude  and  phase 
with  reference  to  the  fundamental,  can  be  produced  by  iron; 
others  can  not,  these  latter  being  excluded  as  impossible 
by  the  determination  of  some  physical  limitation.  The  con- 
dition that  hysteresis  in  iron  causes  it  to  absorb  rather  than 
to  give  out  energy,  at  once  renders  certain  harmonics  impossible. 
The  fact  that  the  current  can  have  a  maximum  value  only  co- 
incident with  the  maximum  value  of  induction  in  the  iron  is 
likewise  a  limitation.  Again,  the  fact  that  after  saturation 
the  permeability  decreases  with  the  increase  of  the  induction 
is  a  further  limitation. 

In  case  of  a  sine  electromotive  force  and  a  complex  current 
wave  due  to  iron,  the  harmonics  in  the  current  wave  (being 
3,  5,  7,  etc.  times  the  frequency  of  the  electromotive  force) 
can  represent  no  power.'  Any  power  must  accordingly  come 
from  that  part  of  the  complex  current  wave  which  is  of  the  same 
frequency  as  the  electromotive  force.  If  this  current  lagged 
90®  behind  the  electromotive  force,  as  it  does  with  no  iron 
present,  there  would  be  no  power,  as  has  already  been  pointed 
out.  But  the  current  of  fundamental  frequency  is  shifted 
ahead  by  an  angle,  ^,  of  hysteretic  advance  due  to  the  iron, 
so  that  it  lags  less  than  90°  behind  the  electromotive  force; 
consequently  it  represents  power,  this  being  the  power  expended 
in    hysteresis. 

The  current  of  fundamental  frequency  which  we  are  to  con- 
sider might  be  taken  either  as  the  fundamental  sine  curve,  as 
we  analyze  the  current  into  components  of  1,  3,  5  times  the 
frequency;  or,  as  the  equivalent  sine  curve,  which  is  a  sine  cur\^e 
equivalent  in  its  effect  to  the  fundamental  and  higher  harmonics 
combined.  The  distinction  between  the  fundamental  and  equiv- 
alent sine  curves,  which  have  sometimes  been  confused,  will 
be  taken  up  more  fully  later. 


2.  A    symmetrical    hysteresis    loop    introduces    odd    harmonics    only. 
Taking  e  ■■=  E  sin  oj  t  and  current  i,  the  work  done  jHjr  cycle  is 

-»27r 

idt. 


11=/ 

^  0 


For   any   odd    harmonic    of   n   times  the    frequency,   t„  =  /„  sin  na)t. 
With   this   value    substituted    for  /,    the   integral     vanishes   and   W  =  Q. 
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A  relation  will  be  sought  between  the  hysteresis  loop  for  any 
iron  and  its  angle  of  hysteretic  advance. 

Finally,  consideration  will  be  given  to  the  effect  of  hysteresis 
upon  the  vector  representation  of  alternating  currents,  and 
it  will  be  shown  that  the  complete  diagram  in  any  problem 
can  no  longer  be  dfawn  in  a  plane. 

Effect  of  Third  Harmonic, 

From  Faraday  s  law,  ^  =  —  -—  =  —  /i  —r-  , 

it   follows  that  if  the  electromotive  force*  impressed  upon  a 


Fig.    1. — Sinusoidal  current  /  and    induction  B,  lagging  90® 
the  sinusoidal  electromotive  force  E  when  no  iron  is  present. 


behind 


coil  be  sinusoidal,  the  magnetic  flux  threading  the  coil  will 
likewise  be  sinusoidal,  and  in  phase  90°  behind  the  electromotive 
force.     This  is  true  whether  the  coil  embraces  iron  or  not. 

If  the  coil  does  not  embrace  iron,  the  current  likewise  is  sin- 
usoidal and  90°  behind  the  electromotive  force ;  the  flux  is  in  phase 
with  the  current,  and  proportional  to  it.  See  Fig.  1.  We 
may  then  write 


e  =~^ 


di  " 


-L 


di 
di 


The  inductance  L  is  constant;  and  hence  the  induction  B  is 
proportional  to  cuirent  i  and  magnetizing  force  //,  permeability 


*  Not  including  ohmic  electromotive  force. 
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being  constant.      The  hysteresis   '*  loop,*'   plotted  between   B 
and  H,  becomes  then  a  straight  line. 

With  iron  present,  inductance  and  permeability  are  not  con- 
stant. The  induction  B  is  no  longer  proportional  to  the  current 
t  and  magnetizing  force  H,  and  with  induction  B  sinusoidal 
(due  to  sine  impressed  electromotive  force),  the  current  t  is 
not  sinusoidal,  but  distorted  as  in  Fig.  2.  Since  B  and  H 
are  no  longer  proportional;  instead  of  a  straight  line  we  have 
the  hysteresis  loop  representing  their  cycHc  variation. 


4-^-V — Y-^ 

/ 

/^'-xv^ 

^^  /-■-. 

/ 

■/  ■■••■■.-•■■  \ 

"/^ 

\\      y 

^ 

^ 

Fig.  2. — Complex  current  /  and  induction  B  with  maximum  values 
90°  behind  sinusoidal  electromotive  force  when  iron  is  present.  The 
fundamental  (F)  sine  curve  of  current  lags  (90—  ^)  degrees  behind  E. 

In  the  following  work  we  shall  deal  with  the  fundamental 
and  third  harmonic  only.  The  process  will  be  to  assimie  suc- 
cessively definite  relative  amplitudes  and  phase  positions  for 
these  and  build  up  the  complex  current  wave.  From  this 
complex  wave  of  current  and  the  sine  wave  of  flux,  the  hysteresis 
loop  which  would  cause  such  a  current  is  determined. 

The  equation  for  the  current  is 

i  =  sin  w/+  /3sin  (3w/  +  ^). 
The  amplitude  of  the  third  harmonic  is  /?  (taking  the  funda- 
mental as  unity)  and  0  is  its  phase-angle, -f-  0  indicating  an  ad- 
vance, and  —5a  lagging  of  the  origin  of  the  harmonic  rela- 
tively to  the  origin  of  the  fundamental. 
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Let  us  take  a  typical  case  represented  in  Fig.  2.  The  as- 
sumed fundamental  and  third  harmonic  of  the  current  are 
represented  by  dotted  ciuves.  Here  the  amplitude  of  the 
harmonic  is  taken  to  be  /?  =  0.22  (the  amplitude  of  the  fimda- 
mental  being  unity)  and  0  is  taken  to  be  +45°.  The  maximum 
of  the  current  wave  necessarily  coincides  in  time  with  the  maxi- 
mum of  the  induction  (for  in  a  hysteresis  loop  the  maximum  H 
coincides  with  the  maximtmi  B).  The  sinusoidal  flux,  in  ac- 
cordance with  Faraday's  law,  is  90°  behind  the  sinusoidal 
electromotive  force;  accordingly,  the  maximtunof  the  induction 
and  hence  of  the  current  is  90°  behind  the  electromotive  force. 
It  will  be  noted,  however,  that  the  fundamental  of  the  current 
wave  has  its  maximum  in  advance  of  the  maximiun  of  the  com- 
plex wave  by  an  angle  ^,  the  hysteretic  angle  of  advance, 
in  this  case  equal  to  29°  23'.  The  fundamental  current  wave 
lags  then  90°  —  (p  behind  the  electromotive  force  and  represents 
power  consumed  by  hysteresis,  with  a  power-factor  cos  (90°  —  (p) 
=  sin  (Jf. 

If  d,  the  phase-angle  of  the  harmonic,  is  between  0°  and  180°, 
we  find  that  the  right-hand  side  of  the  complex  cturent  wave 
will  have  a  hump,  as  in  Fig.  2.  The  fimdamental  will  be  ad- 
vanced to  the  left  so  as  to  lag  less  than  90°  behind  the  elec- 
tromotive force,  representing  power  taken  by  hysteresis — a 
possible  case. 

If,  however,  0  is  between  180°  and  360°;  that  is,  if  the  har- 
monic is  made  to  be  behind  instead  of  in  advance  of  the  fimda- 
mental, the  hump  on  the  current  curve  will  be  foimd  on  the  left, 
and  the  fundamental  will  be  shifted  to  the  right  so  as  to  lag  more 
than  90°  behind  the  electromotive  force,  representing  power 
given  out  by  hysteresis — an  impossible  case.  In  this  case  the 
hysteresis  loop  would  needs  be  traversed  in  the  reverse  direc- 
tion from  the  actual  counter-clockwise  direction  and  its  area 
would  represent  work  given  out  per  cycle.  Fig.  2  turned 
upside  down  would  represent  such  a  case. 

Derivation  of  Hysteresis  Loop. 

A  hysteresis  loop  consists  in  plotting  corresponding  values 
of  B  and  H  in  rectangular  coordinates.  A  hysteresis  loop  cor- 
responding to  the  curves  of  Fig.  2  is  accordingly  readily  plotted. 
H  is  directly  proportional  to  /,  and  hence  the  curve  for  /  may 
be  taken  as  a  curve  for  H.     Corresponding  values  of  H  and  B 
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are  taken  directly  from  the  curves  in  Fig.  2  and  plotted  in  rec- 
tangular coordinates  to  give  the  hysteresis  loop  of  Fig.  3. 

The  interpretation  is  this:  we  arbitrarily  assume  a  complex 
current  /,  made  up  of  a  fundamental  and  third  harmonic,  Fig.  2. 
The  sinusoidal  induction  B  and  electromotive  force  will  then 
be  as  shown  in  Fig.  2.  The  hysteresis  loop  which  would  pro- 
duce the  assumed  distortion  is  shown  in  Fig.  3. 

When  0  =  0°,  or  180°,  the  hysteresis  loop  becomes  a  curved 
line;  the  ascending  and  descending  curves  coincide  and  enclose 
no  area,  representing  therefore  no  hysteresis  loss,  although  the 
permeability  varies.  These  cases  are  shown  by  curves  5  and  13 
in  Figs,  14  and  15.  They  are  impossible  limiting  cases;  the 
angle  0  must  accordingly  be  more  than  0®  and  less  than  180**, 
and  positive. 


/^ 

H 

J 

{ 

^ 

Fig.  3. — Hysteresis  Icxip  corresponding  to  Fig.  2. 


It  will  be  shown  later  that  Q  must  be  greater  than  30°,  and 
that  all  the  curves  in  Fig.  14  (corresponding  to  values  of  ^ 
from  0°  to  30°)  arc  impossible. 

The  hysteresis  loops  derived  in  this  paper  from  consideration 
of  the  fundamental  and  third  harmonic  only  in  the  current 
wave,  have  an  unnatural  appearance,  particularly  near  the 
maximum  values.  Ilencc  it  is  concluded  that  the  fifth  and 
other  higher  harmonics  are  necessary  in  the  complex  wave  in 
order  to  derive  therefrom  a  more  normal  hysteresis  loop,  partic- 
ularly  when  saturation  in  the  iron  is  passed. 

Limiting  Values  of  Amplitude  of  Harmonic,  and  of  Hyster- 

ETic  Advance. 
It  will  be  found  that  for  ^  =  0°  the  amplitude  /?  of  the  har- 
monic cannot  be  greater  than   \ ;  and  for  0  =  180°,  the  value 
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of  /?  cannot  be  more  than  J,,  the  fundamental  being  taken  as 
unity.  The  limiting  possible  values  of  fi  for  various  values  of 
6  are  shown  in  Fig.  4  and  are  given  in  Table  I.     If  fi  exceeded 
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Fig.  4. — Limiting  values  of  /?  (amplitude  of  the  third  harmonic)  and 
y»  (hysteretic  advance)  for  various  phase  positions  of  third  harmonic. 


TABLE  I. 


Limiting  Values  op  ^  and  ^  for  Various  Values  of  0, 


d 

? 

^ 

e 

P 

^ 

o» 

0.111 

0* 

40°      6' 

0.211 

29*»  34' 

0.112 

5° 

41' 

45°    14' 

0.220 

29°    6' 

0.113 

7° 

59' 

46°    34' 

0.222 

27**  43' 

0.116 

11° 

8' 

57°    44' 

0.240 

27*»  28' 

1^    17' 

0.120 

16° 

20' 

60°    42' 

0.244 

27^     1' 

1*    45' 

0.122 

16° 

54' 

71°    44' 

0.260 

26*»    8' 

4?    48' 

0.133 

22° 

30' 

76°    48' 

0.267 

24°    9' 

6°    55' 

0.140 

24° 

28' 

87°    47' 

0.280 

21°  56' 

8°    34' 

0.144 

25° 

35' 

95°    54' 

0.289 

20°  12' 

12°    52' 

0.156 

27° 

40' 

107°    16' 

0.300 

18°     4' 

14°    15' 

0.160 

28° 

15' 

120°    40' 

0.311 

14°  34' 

17°    37' 

0.167 

28° 

57' 

134°      4' 

0.320 

11°  22' 

22°    44' 

0.178 

29° 

41' 

143°    35' 

0.322 

10<»  23' 

23°    47' 

0.180 

29° 

47' 

157°    18' 

0.330 

5<»  43' 

30°    39' 

0.192 

30° 

00' 

180^ 

0.333 

(f 

33°    59' 

0.200 

29° 

56' 
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the  limiting  value,  the  resultant  current  would  have  two  maxima 
in  a  half  cycle,  as  in  Fig.  17  of  the  Appendix.  This  is  impossible, 
as  it  would  mean  corresponding  maxima  in  the  values  of  H, 
This  would  cause  H  to  have  four  maxima  per  cycle,  as  in  Fig. 
18,  while  B  has  but  two. 

Curve  (pi,  in  Fig.  4,  shows  the  greatest  possible  values  of  the 
angle  of  hysteretic  advance  for  various  values  of  0\  this  curve 
corresponds  to  limiting  values  of  ^  given  in  curve  ^.  Other 
values  of  /?  will  give  a  smaller  value  for  (p  as  shown  in  cur\'e  ^j 
which  shows  ^  for  /?  =  ^  for  all  values  of  0,  It  is  seen  that 
in  no  case  can  ^  be  greater  than  30®. 


Fig.  5. — Complex  current  curve,  fundamental  and  third  harmonic  for 
^  —  0.     See  Table  II  for  data  for  all  curves. 

For  the  method  for  determining  the  Hmiting  value  of  ^,  and 
also  for  (Jf,  as  given  in  the  table  and  shown  in  Fig.  4,  a  full  dis- 
cussion of  which  is  given  in  the  appendix,  we  are  indebted  to 
Professor  James  McMahon. 

A  year  ago  Mr.  M.  C.  Carpender,  at  the  suggestion  of  one  of 
us,  plotted  a  large  number  of  complex  current  curves  and 
hysteresis  loops  for  different  values  of  0  and  ^9,  with  a  view  to 
determining  their  limiting  values  by  a  method  of  cut  and  trial; 
but  it  proved  impossible  in  this  way  to  get  definite  results. 


Discussion  of  Curves. 

The  curves  in   Figs.   5-13  show  the  complex  current  wave 
resulting  from  a  fundamental  and  third  harmonic  in  various 
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phase  positions  from  0  to  180°,  the  amplitude  of  the  harmonic 
being  in  all  cases  the  greatest  possible  according  to  values  for 
fi  shown  in  Fig.  4.  The  data  referring  to  these  curves  are  given 
in  Table  II. 

TABLE  II. 
Data  Relative  to  Curves  in  Figs.  5-13. 


Curve 
No.  0 


0 


5 

0*> 

0.111 

0* 

0* 

1.006 

0.8890 

6 

2« 

0.122 

16*  54' 

17* 

1.007 

0.8832 

7 

5^ 

0.135 

22*  48' 

23* 

1.009 

0.8833 

8 

20^ 

0.172 

29* 

29*  30' 

1.015 

0.9250 

9 

30^ 

0.193 

29*  33' 

30* 

1.019 

0.9624 

10 

45^ 

0.220 

28*  38' 

29*  22' 

1.024 

0.9868 

11 

90^ 

0.283 

19*  36' 

20*  30' 

1.039 

1.1850 

12 

135* 

0.321 

10*  12' 

10*  45' 

1.050 

1.2950 

13 

180* 

0.333 

0* 

0* 

1.053 

1.3330 

0  is  the  phase  relation  of  the  third  harmonic  to  the  fundamental  at  the  origin. 

y?  is  the  ratio  of  the  maximum  ordinates  of  the  fundamental  and  third  harmonic  (critical 
value). 

(Jf  is  the  phase  difference  between  the  maxima  of  the  distorted  and  fundamental  curves. 

90  -  ^  is  lag  of  fundamental  component  of  current  behind  e.m.f. 

90  -  CK  is  lag  of  equivalent  sine  current  behind  e.m.f. 

/  and  /'  are  the  maxima  of  the  equivalent  sine  curve  and  distorted  curve,  respectively, 
the  maximum  value  of  the  fundamental  being  unity. 


The  amount  of  shifting  to  the  left  of  the  fundamental  (the 
hysteretic  advance),  is  readily  observed  in  each  case,  this  being 
ip.  The  hysteretic  angle  (p  increases  with  hysteresis  loss,  the 
power-factor  for  hysteresis  being  cos  (p.  In  Figs.  5  and  13,  for 
6  =0^  and  180°,  ^  is  0  and  the  maxima  of  the  fundamental  and 
complex  waves  are  coincident;  hence  power  consumed  by 
hysteresis  is  zero. 

The  corresponding  hysteresis  loops  for  all  cases  are  shown  in 
Figs.  14  and  15.  Loops  5  and  13,  for  5  =  0°  and  d  =  180°,  have 
no  area,  which  likewise  indicates  that  the  power  consumed  by 
the  hysteresis  is  zero. 

Curves  shown  in  Figs.  5  to  9  are  for  various  values  of  0  equal  to 
or  less  than  30°,  the  corresponding  hysteresis  loops  being  shown 
in  Fig.  14.  The  upward  turn  of  these  loops,  when  0  is  less  than 
30°,  shows  these  cases  to  be  impossible ;  for  they  would  indicate 
an  increase  instead  of  decrease  in  the  permeability  for  increasing 
values  of  induction  beyond  saturation.  Possible  values  of  0 
must  accordingly  be  between  30°  and  180° 
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Fig.  6. — Complex  current  curve  fundamental  and  third  harmonic  for 
d  ^  2^ 


Fig. 


.'omplex  current  curve,  fundamental  and  third  harmonic  for 


Fig.  8.- 


.^omplex  current  curve,  fundamental  and  third  harmonic  for 
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fundamental  and  third  harmonic  for 


Fig.  10. — Complex  current  curve,  fundamental  and  third  harmonic  for 


Fig.  11. — Complex  current  curve,  fundamental  and  third  harinonic  for 
6  -  90«. 
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Fio.  12. — Complex  current  curve,  fundamental  and  third  harmonic  for 
d  -  136^ 


Fig.  13. — Complex  current  curve,  fundamental  and  third  harmonic  for 

e  - 180^. 
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^ 

B 

r 

J 

p 

^ 

Fig.  14. — Hysteresis  loops  corresponding  to  Figs.  5-9.   d  —  30®  or  less. 


Fig.   15. — Hysteresis  loops  corresponding  to  Figs.   10-13.     0  greater 
than  SO"" 
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Relation  Between  Area  of  Hysteresis  Loop  and  Angle 
OF  Hystbretic  Advance. 

Since  only  the  fundamental  in  the  ctirrent  wave  represents 
power,  and  the  harmonics  are  wattless,  we  have  the  same  power 
represented  by  the  fundamental  as  by  the  complex  wave. 
Hence  if  values  of  H  be  taken  from  the  fundamental  current 
curve,  and  a  hysteresis  loop  plotted,  it  will  have  the  same  area 
as  though  H  were  taken  from  the  complex  wave,  as  was  done 
in  deriving  the  loops  in  Figs.  14  and  15.  In  this  case,  however, 
with  H  as  well  as  B  sinusoidal,  the  hysteresis  loop  would  form 
an  ellipse,  the  area  of  which  can  be  shown*  to  be 

A  =;r  XY  sin  0. 
Here  X  and  Y  represent  the  maximum  values  of  the  sinusoidal 
magnetizing  force  H  and  induction  B,  respectively. 

As  has  just  been  shown,  the  area  of  this  ellipse  can  likewise 
be  taken  as  the  area  of  the  loop  when  the  complex  wave  of  cur- 
rent is  taken.     It  at  once  follows  that 

^'^^";rXy        t:    X'Y'X        k'X'Y'F' 

Here  F  is  the  maximum  value  of  the  fundamental  and  /'  the 
maximum  value  of  the  complex  current  wave ;  A'  and  A' '  being 
corresponding  values  of  magnetizing  force.  A'  Y  is  the  area 
of  the  rectangle  enclosing  the  hysteresis  loop. 

A  I' 

For  y"/V~  ^^^^  P'^  ^"^  ^^^  p  write  /. 

For  any  hysteresis  loop  the  value  of  the  hysteretic  advance 
may  then  be  derived  from  the  following  expression: 

Sin  ^=|t)//;r, 

*  Let  the  induction  and  magnetizing  force  be  respectively  y  =  Y  sin  oi  t 
and  X  =  A  sin  (cjt—  (p).  Plotted  in  rectangular  coordinates,  the 
resulting  figure  will  be  an  ellipse.  Its  area  (see  translation  of  Goursat's 
Mathematical  Analysis,  p.  185)  will  be 

^=  1  /  (xdy—ydx). 
«y  0 

=  J  /  X  Y  {sin  <ot  cos  (ojt-  (p)-  sin  (a> /-  (p)  cosa)t}(i)dt 

—  — ;^  /  (sin'  (ot  simp -\-  sin  (p  cos'  wt)  wdt 

-5«  ty  0 

—  TT  A  K  sin  ip. 
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where  p  is  the  ratio  of  the  area  of  the  hysteresis  loop  to  the  en- 
closing rectangle,  and  /  is  a  fonn-f actor — the  ratio  of  the  max- 
imum values  of  the  complex  and  fundamental  current  waves. 
If  the  result  depended  upon  p  only,  hysteretic  advance  cotild  be 
readily  and  directly  determined  from  area  of  the  hysteresis  loop. 
The  results  are  modified,  however,  by  the  presence  of  /,  which  is 
unsatisfactory,  for  it  makes  the  direct  determination  in  tFis 
way  impossible.     Table  II  gives  values  of  7'  for  curves  5-13. 


Fig.  IC. — Vector  representations  in  three  dimenions  of  a  complex 
current.  E  is  sine  electromotivvj  force;  F  is  fundamental  current;  Q,, 
harmonics;  and  /  is  the  equivalent  sine  current. 


Vector  Representation  of  Complex  Current. 

Without  iron,  where  current  as  well  as  electromotive  force 
is  sinusoidal,  as  shown  in  Fig.  1,  the  vector  representation  of 
these  quantities  as  lines  in  a  plane  is  well  known. 

Let  us  take,  however,  such  a  case  as  shown  in  Fig.  2,  in  v  hich 
the  electromotive  force  E  is  sinusoidal  and  the  current  7,  on 
account  of  iron,  is  complex,  being  composed  of  a  fundamental 
F  and  third  hannonic  Q^. 

Considering  first  the  fundamental  F,  this  may  be  considered 
as  composed  of  two  components.  Fig.  16,  a  power  component 
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P  in  phase  with  E,  and  a  quadrature  or  wattless  component  d 
at  right  angles  to  E ;  that  is,  F  =  \/P^TQ?.     These  quantities 

E,  F,  P,  and  Qi  are  all  sine  functions  of  the  same  frequency  and 
are  graphically  represented  in  one  plane.  The  induction  B  is 
in  the  direction  of  Q^,  and  is  also  a  sine  fimction  of  fundamental 
frequency.  The  fundamental  F  lags  behind  £  by  an  angle 
90  —  0  (as  in  Fig.  2) ;  (p  is  the  angle  between  Q^  (or  B)  and  F. 
In  Fig.  16  and  its  discussion  all  quantities  represent  virtual  or 
square  root  of  mean  square  values. 

The  harmonic  Q^  has  no  power  component  in  phase  with  E\ 
it  is  entirely  wattless,  as  has  been  shown,  and  hence  is  to  be 
represented  graphically  in  quadrature  to  E.  But  it  may  be 
shown*  that  I  =  \/FM-G7»  ^'^^^'^  corresponds  to  a  graphical 
construction  in  which  Q,  and  F  are  two  sides  of  a  rectangle 
and  /  the  diagonal.     As  Q,  is  thus  at  right  angles  to  both  E  and 

F,  it  is  drawn  in  the  third  dimension  at  right  angles  to  the  plane 
of  fimdamental  frequency  in  which  lie  E,  F,  P,  and  Q^, 

The  total  current  is  /,  the  diagonal  of  the  rectangular  parallel- 
opiped.  /  is  the  equivalent  sine  wave  representing  the  com- 
plex current.  In  phase  it  is  as  represented  in  Fig.  16,  lagging 
behind  E  by  an  angle  90  —  a.  In  magnitude  it  is  such  as  to 
have  the  same  square  root  of  mean  square  value  as  the  complex 
wave.     We  have  seen  that 

^  =VFMWr 
We  also  have 

In  the  usual  treatment  confined  to  one  plane,  the  plane  taken 
is  the  diagonal  one  in  which  lie  E  and  /.  The  equivalent  sine 
current  /  may  be  resolved  into  a  power  component  P  of  funda- 
mental frequency  in  phase  with  F,  and  an  equivalent  wattless 
component  Q  at  right  angles  to  E.  The  component  Q  is  itself 
complex,  consisting  of  two  components  each  wattless;  namely, 
Q^  of  fundamental  frequency  and  the  harmonic  Q,.     We  have 


then  Q  =  VQ,'  +  Q,\ 

and  /  =  y/p2:fQ2 

Power  is  the  product  of  E  and  P.     Considering  the  fimda- 
mental sine  curve,  we  have  for  power  in  terms  of  F: 
W  =FFcos  (90-0). 

♦This  is   independent  of   the  phase  position  0  of  the  harmonic.     See 
F.  Bedell,   **  The  Principles  of  the  Tranformer,--  p.  391. 
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If  we  consider  the  equivalent  sine  curve,  we  have  for  power 
in  terms  of  /: 

W  ^  EI  cos  (90- a). 

Each  is  correct,  the  two  expressions  being  practically  identical. 
An  error  (numerically  small)  would  be  made  by  confusing  the 
fundamental  and  equivalent  sine  curves,|^and  interchanging  the 
values  of  F  and  /,  or  of  (p  and  a.     It  is  seen  that 

sin  a       F  F 


sin  iP      I         Vf^  +  Q\ 

For  the  curves  in  Figs.  5-13,  the  values  for  a  and  (p  are  given 
in  Table  II;  also  /,  the  maximum  value  of  the  equivalent  sine 
wave.  In  constructing  the  curves,  F  has  been  taken  as  unity; 
then  Oa  =  /y  (see  table). 

The  graphical  construction  of  Fig.  16  will  include  the  rep- 
resentation of  higher  harmonics  if  we  include  them  all  in  Q^\ 
that  is,  in  place  of  QjWe  should  have  Q^.  =  \/Q,^-f  Q,'  .  .  .  Qn^, 
Separately  and  collectively  the  harmonics  are  wattless,  and  are 
at  right  angles  to  both  E  and  F.  Their  separate  representation 
im  three  dimensions  is  not  possible ;  for,  in  addition  to  being  at 
right  angles  to  E  and  F,  each  one  should  be  at  right  angles 
to  each  other  one,  requiring  an  additional  dimension 
for  each  harmonic  above  the  third.  This  representation  is, 
however,  unnecessary,  for,  since  all  are  wattless,  their  collective 
representation  as  one  line,  Q„  meets  all  requirements. 

If  we  are  to  represent  all  quantities  in  one  plane  only,  the 
vector  representation  is  correct  for  each  frequency,  and  for  the 
equivalent  sine  curve  separately;  components  of  different  fre- 
quencies so  drawn  are  not  to  be  combined  vectorially,  but  are 
to  be  added  by  taking  the  square  root  of  the  sum  of  the  separate 
squares. 

Conclusion. 

We  conclud?  that  an  alternating  current  is  distorted  when 
iron  is  present  by  the  introduction  of  a  third  harmonic  in  ad- 
vance of  the  fundamental  by  an  angle  0  which  is  greater  than 
30°  and  less  than  180°. 

Taking  the  fundamental  as  unity,  this  harmonic  cannot  ex- 
ceed a  definite  value  (see  Table  I)  of  about  0.192  for  d=  30**, 
and  0.333  for  d  =  180°. 

The  angle  ^  of  hysteretic  advance  due  to  the  third  harmonic 
cannot  exceed  30°. 
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From  the  shape  of  the  hysteresis  Ibop  obtained  from  the 
third  harmonic  only,  it  is  concluded  that  iron  introduces  higher 
harmonics  in  addition  to  the  third. 

Three    dimensions,  as  Fig.  16,  are   required   for   the    vectc 
representation  of  the  complex  current  wave. 

APPENDIX.* 
Relation  Between  0  and  fi. 
We  wish  to  find  the  condition  which  holds  at  the  transition 
state,  Fig.  19,  separating  the  impossible  case  of  two  maxima 


Fig.  17. — ^Two  crests,  one  trough,  and  two  inflexions. 


Fig.  18. — Hysteresis  loop  corresponding  to  Fig.  17,  with  four  maxima 
for  //  which  would  result  were  the  limits  of  /?  given  in  Fig.  4  exceeded. 


and  one  minimum,  Fig.  17,  and  the  possible  case  of  one  maxi- 
mum and  no  minimum,  Fig.  20.  The  form  of  hysteresis  loop. 
Fig.  IS,  corresponding  to  Fig.  17,  shows  the  impossibiUty  of 
the  former  case. 

We  proceed  to  find  the  condition  imposed  upon  d  and  /?  so 
that  the  graph  of 

;  (/)  =  sin  ojt  +  ;^  sin  (3  (ot  +  0) 
shall  have  no  trough  or  minimum  in  the  first  half  cycle. 

♦  Due  to  Professor  James  McMahon. 
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By  differentiation  we  have 

/'  (0  =  w  [cos  ci>  /  +  3  ^  cos  (3  0)  /  +  5)]  =  0. 

hence  the  positions  of  the  crests  and  troughs  are  given  by  the 
equation 

cosa>/  +  3/?cos  (3a>/+5)  =0. 

We  shall  find  the  condition  that  this  equation  may  have  two 
roots  equal;  and,  subject  to  this  condition,  we  shall  find  the 
next  root ;  this  will  give  the  position  of  the  only  proper  crest  or 
maximum  in  the  first  half-cycle. 


Fig.  19. — One  crest  and  one  (horizontal)  inflexion. 


Fig.  20. — One  crest  and  one  (oblique)  inflexion. 

For  convenience  let  9  /?  ==  \/a  and  write  x  for  o)  t. 
Then 

cos  (3%  +  fl)  +  3acosx  =0. 
That  is 

cos  3  X  cos  ^  —  sin  3  a;  sin  ^  -f  3  a  cos  a;  =  0. 
Therefore 
(1  cos'  ,r  —  3  cos  .r)  cos  0  —  (3  sin  x  —  4i  sin'  ^)  sin  5  +  3  a  cos  %  =  0. 

Dividing  through  by  cos'  x  we  have 
(4  —  3  sec^  x)  cos  ^  —  (3  tan  x  sec'  x  —  4  tan'  x)  sin  5  +  3  a  sec'  x  =  0 
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Replacing  sec'ji;  by    1+tan^x,  we   get  the   following  cubic 
for  tan  x: 

smOtSLXi^x  +  S  (a  —  cosO)  tan*.r  — 3sin5tan:!c4-(3a  +  cos0)  =  0. 
Now  it  is  known  in  the  theory  of  equations  that  the  cubic 

ax^  +  3bxi^  +  3cx  +  d  =0  (1) 

has  two  equal  roots  when 

4(ac-b^)  {bd-c^)  ^(ad-bc)\ 
the  equal  roots  being  given  by 

and  the  third  root  by 

36       bc-ad 


a         ac^b^   ' 

For  our  cubic  the  condition  for  equal  roots  becomes 
-4  (a2-2acos»+l)  (3a^- 2 acosd- 1)  =  (4asin^;», 
whence 

^        3a*  +  6a»-l 
"°'^=  8^^ •  (2) 

and  the  expressions  for  the  roots  become 

2  a  sin  5 

tan  x,  =  tan  x^  =  — . — — — . 

^  '       a'- 2  a  cos  0+1  (3) 

—  3(a  — cos^)  4  a  sin  5 

tanjc.  = 


'  sin^  a2-2acostf+r  W 

With  the  aid  of  (2),  the  last  expression  reduces  to 

'  8  o*  sin  0 

It  is  convenient  to  let  —  =6,  then  6  =  9  y9,  and 

tan.r,  ^ 8  6sin<?"-'  (5) 

wherein  d  is  given  by  (2),  or  by 

-         S  +  eh'^b* 
,ostf=    —-^ ,  (6) 

or  (in  a  form  better  adapted  to  logarithmic  computation) 

by  .    .        (fe— 1)1(9 -y)* 

"'"^^ 86 •  (7) 
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This  equation,  wherein  fc  =9^,  gives  the  desired  relation  be- 
tween  0  and  /?.  If  we  assume  a  given  value  of  0  end  solve  for  /J, 
the  value  so  obtained  would  be  the  greatest  value  of  /?  that 
could  be  used  with  the  given  valvie  of  0  without  obtaining  a 
trough  as  in  Fig.  17,  which  corresponds  to  the  impossible  hys- 
teresis loop  of  Fig.  18. 

To  determine  ^,  the  phase  displacement  of  the  crest,  we  pro- 
ceed as  follows: 

Eliminating  sin  0  from  (5)  by  means  of  (7)  we  obtain 

tanx  y  +  3 

^^  ^'  V(^-l)  (9-fe»)'  (8) 

Hence  the  position  of  the  crest  is  given  by 

.  y +  3 

oj  t=  n  —  tan"'    ,  =..  rck\ 

V(^-l)  (9-fc')  W 

Now  the  crest  of  the  fundamental  curve  {y  =  sin  (o  t)  is  given 

by  cu  /i  «=  —-.     Hence  the  displacement  of  the  crest  due  to  the 

presence  of  the  third  harmonic  is  given  by 

ib  =  ^  (/  —  /i)  =  "TT  —  tan-*     .  /1^^ 

wherein  6=9^.  This  gives  ijf  in  terms  of  /?,  when  0  is  deter- 
mined as  in  (7) . 

Since  neither  (7)  nor  (10)  is  readily  solvable  for  6,  it  is  best  to 
assign  values  to  h  and  compute  corresponding  values  for  0  and  ^. 
Equation  (7)  shows  that  h  cannot  be  less  than  1  nor  greater 
than  3 ;  and  equation  (6)  shows  that  6  =  1  corresponds  to  ^  =0, 
and  6  =  3  to  ^  =  ;:.  Table  I  gives  values  of  0  and  ^  computed 
from  (7)  and  (10),  by  letting  6  run  from  1  to  3  at  convenient 
intervals,  not  always  equi-distant.  The  corresponding  values  of 
^  run  from  0.111  to  0.333. 

Cornell  University,  June,  1906. 


692 


ALTERNATING-CURRENT  WAVE-FORM.       [Sept.  28 


Discussion  on  "  The  Effect  of  Iron  in  Distorting  Alter- 
nating-Current Wave-Form  *'  at  New  York,  September 
28,  1906. 

Charles  Protetts  Steinmetz:  This  paper  deals  with  the 
wave-shape  distortion  produced  in  alternating-current  cir- 
cuits by  the  introduction  of  iron.  It  is  a  theoretical  paper, 
and  while  of  scientific  interest  appears  at  first  of  rather  little 
practical  value  to  the  electrical  engineer.  There  is,  however, 
to-day  only  a  very  short  step  between  pure  scientific  investiga- 
tion and  engineering  practice ;  and  I  hope  to  show  you  that  the 
phenomena  dealt  with  in  this  paper,  and  similar  phenomena,  are 
of  very  great  practical  importance  in  alternating-current  dis- 
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Fig  1 


tribution ;  that  is,  wave-shape  distortion  may  lead  to  effects  not 
only  very  marked  and  pronounced  l>ut  occasionally  disastrous. 
In  general,  in  investigating  the  effect  of  iron  in  alternating- 
current  circuits,  the  curve  of  exciting  current  is  calculated  from 
the  hysteresis  cycle  of  the  iron.  Dr.  Bedell  proceeds  inversely 
by  supeq)osing  different  harmonics  of  current.  From  these 
complex  currents  he  pn)duces  a  hysteresis  loop,  noting  whether 
this  hysteresis  loop  is  a  reavSonable  one  or  not,  and  deriving  there- 
from relations  regardini^  the  relative  intensity  and  phase  of  the 
triple  hannonic  in  the  wave  of  exciting  current.  As  far  as  the 
investigation  goes,  it  extends  only  to  the  fundamental  and  triple 
harmonics;  the  investigation  of  higher  harmonics  is  left  to  a  future 
occasion. 
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These  higher  harmonics  obviously  modify  to  a  certain  extent 
the  conclusions  arrived  at  by  assiuning  merely  the  fundamental 
and  triple  harmonic  as  present.  For  instance,  by  superposing 
a  triple  harmonic  upon  the  fundamental  wave,  one  gets  a  wave  of 
the  shape  shown  in  Fig.  1.,  with  a  hump  on  the  rising  side  and  a 
hollow  on  the  decreasing  side.  Introducing  a  triple  harmonic  of 
higher  amplitude  causes  the  hump  to  develop  into  a  double  peak 
as  in  Fig.  2.  It  is  obvious  that  a  double  peak  cannot  exist,  because 
whatever  relation  may  exist  between  the  magnetism  and  the 
magnetizing  current,  the  current  must  rise  as  long  as  the  magnet- 
ism rises;  and  therefore  the  maximum  possible  value  of  the 
triple   harmonic   is    that    value    which  does   not   yet   give   a 
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downward  bend,  but  merely  flattens  the  current  wave  on 
the  rising  side.  This  maximum  amplitude  of  the  third 
harmonic  can,  however,  be  exceeded  if  higher  harmonics 
are  present.  Assume  for  instance  a  fifth  harmonic  which  has 
such  a  phase  relation  as  to  be  negative  at  A  Fig.  2,  and  positive 
at  B,  and  then  superpose  this  fifth  harmonic  on  the  double- 
peaked  wave;  it  will  be  seen  that  it  cuts  off  the  peak  and  fills  up 
the  hollow,  and  gives  a  wave  which  represents  a  possible  hy- 
steresis cycle,  as  seen  in  Fig.  3.  The  effect  of  the  fifth  harmonic, 
then,  is  to  permit  the  existence  of  a  triple  harmonic,  larger  than 
could  exist  in  the  absence  of  the  fifth  harmonic.  It  is  quite  prob- 
able that  not  infrequently  in  the  exciting  current  there  occur 
triple-harmonic  currents  higher  than  the  maximum  value  cal- 
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culated  in  Dr.  Bedell's  paper,  and  the  double  peak  is  cut  off  by 
the  fifth  harmonic.  The  fifth  harmonic  beinginphase,  approxi- 
mately, at  the  maximum  value  of  magnetism,  is  approximately 
in  opposition  at  the  zero  of  magnetism,  where  the  double  peak 
tends  to  form.  This  brings  up  the  question  of  the  desirability 
of  extending  Dr.  Bedeirs  investigation  to  still  higher  har- 
monics, the  fifth,  seventh,  ninth,  etc. 

An  interesting  investigation  of  the  wave-shape  distortion  of  the 
exciting  current  is  given  in  a  paper  presented  to  the  Institute 
May  1896  by  C.  K.  Huguet.  It  was  this:  let  there  be  a  sine 
wave  of  electromotive  force,  producing  a  sine  wave  of  magnetism. 


felilii 


Fig  3 


and  from  the  hysteresis  cycle  construct  the  wave  of  exciting  cur- 
rent. This  exciting  current  can  be  resolved  into  two  components: 
one  component  symmetrical  with  regard  to  the  wave  of  magnetism, 
or  wattless  current;  the  other  symmetrical  with  regard  to  the 
wave  of  electromotive  force,  representing  power.  The  com- 
ponent in  phase  with  the  magnetism  will  be  found  to  be  greatly 
distorted,  while  the  component  in  phase  with  the  electromotive 
force  is  practically  a  sine  wave,  as  shown  in  Fig.  4.  I  have 
checked  this  in  quite  a  number  of  cases  and  it  agrees  nicely, 
except  that  there  always  are  some  small  very  high  harmonics 
in  the  energy  wave  whit  h  makes  this  cun^e  horizontal  at  the 
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zero  value.  That  is,  the  harmonics  symmetrical  with  regard  to 
the  electromotive  force  are  noticeable  only  at  the  zero  point,  as  a 
flattening  out.  The  magnetism  curve  at  this  point  is  horizontal, 
so  that  the  resultant  current  curve  must  be  horizontal  also. 
This  could  be  expressed  by  stating  that  the  distortion  of  the  wave 
of  the  exciting  current  is  due,  not  to  the  energy  lost  in  the  iron, 
but  to  the  magnetic  characteristic  or  the  bending  of  the  satura- 
tion curve,  and  therefore  it  is  this  curve  which  we  should  endeavor 
to  construct,  the  magnetic  characteristic  as  it  would  be  given  by 
a  magnetic  cycle,  in  the  absence  of  hysteresis  loss.  This  would 
probably  give  approximately  the  higher  harmonics  in  the  ex- 
citing curve  wave. 

Sometime  in   1881  or  1882  Dr.   Froehlich  noticed  that  the 
magnetic  characteristic  of  the  dynamo  machine  could  be  ap- 
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proximately  represented  by  a  parabolic  curve.  Dr.  Kennelly 
showed,  in  1891*,  that  the  B  H  curve,  or  magnetic  characteristic 
of  iron,  for  the  higher  values,  could  be  expressed  by  a  parabolic 
curve,  an  equation  of  the  second  degree.  Using  this  equation  of  a 
parabola  for  the  relation  between  B  and  //,  there  could  be  found  a 
strictly  mathematical  curve,  about  like  B^  in  Fig.  5,  which 
combined  with  a  sine  wave  representing  the  hysteresis  loss,  would 
fairly  closelv  represent  the  distorted  wave  of  exciting  current. 
In  dealine  with  hysteresis  we  have  to  keep  in  mind  the  difference 
between  magnetic  hysteresis  and  the  energy  lost  in  the  iron. 
If  iron  is  exposed  to  an  alternating  magnetic  field,  the  loss  of 
enerj^y  that  takes  place  in  the  iron,  by  some  form  of  magnetic 

♦Magnetic    Reluctance,  by  A.  E.  Kennelly,  Transactions  A.  I.  E.  E. 
Vol.  8,  page  485. 
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friction,  is  usually  expressed  as  "molecular  magnetic  friction.** 
This  loss  seems  to  be  constant,  independent  of  the  frequency  or 
wave-shape,  depending  only  on  the  maximtun  values  of  the 
magnetic  induction.  If  the  alternating  electrical  circtiit  is  the 
only  source  of  power,  and  no  power  is  consumed  outside  of  the 
iron,  then  the  power  consumed  by  molecular  magnetic  friction 
must  be  supplied  by  the  alternating  circuit,  and  is  supplied  in  the 
form  of  a  hysteresis  cycle.  In  this  case  molecular  magnetic 
friction  and  magnetic  hysteresis  coincide,  or  rather  the  magnetic 
hysteresis  measures  the  molecular  magnetic  friction.  As  soon, 
however,  as  there  is  another  source  of  power  present,  or  power 
can  be  consumed  elsewhere,  this  coincidence  disappears  and 
there  is  no  inherent  relation  between  molecular  magnetic  friction 
and  magnetic  hysteresis.  This  was  shown  first  by  the  experi- 
ments of  Gerosa  and  Finzi  1891,  recorded  by  Ewing  in  his  work 
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Fig.  5. 


on  magnetism.  If  an  alternating  current  is  sent  through  the 
magnetic  circuit  parallel  to  the  lines  of  magnetic  force,  at  a 
frequency  which  is  high  compared  with  the  frequency  of  the 
magnetic  cycle,  then  the  hysteresis  loop  more  or  less  completely 
collapses;  but  the  molecular  magnetic  friction  still  remains, only 
that  now  the  longitudinal  alternating  current  supplies  all  or 
nearly  all  the  power.  The  reverse  is  the  case  where  there  are 
loose  laminations  in  a  transformer.  It  will  be  found  that  the 
hysteresis  loop  is  extended  and  the  electric  circuit  in  the  form  of  a 
hysteresis  loop  supplying  more  powerthanisconsumedintheiron 
by  molecular  magnetic  friction;  the  difference  is  consumed  in 
the  vibration  of  the  laminations,  resulting  in  noise.  Where 
energy  is  supplied  from  an  outside  source,  it  may  go  so  far  as  not 
only   to  make  the  hysteresis  loop  disappear,  but  to  make  it 


1906] 


DISCUSSION  AT  i>JEW  YORK. 


697 


negative.  Some  interesting  conditions  where  the  hysteresis 
loop  could  be  flattened  out  or  turned  over  were  investigated  by 
Mr.  Eickemeyer  and  myself  in  1891,  on  a  magnetic  circuit 
of  the  shape  of  that  of  a  shell-type  transformer,  shown  in 
Fig.  6,  in  which  the  central  core  could  be  rotated.  We  found 
that  such  an  arrangement  when  running  at  synchronism  would 
give  all  kinds  of  hysteresis  loops;  for  instance,  that  the  more  the 
apparatus  as  motor  was  loaded  the  fatter  became  the  hysteresis 
loop.  Whenever  the  friction  is  supplied  by  an  outside  source 
the  hysteresis  loop  collapses,  and  reverses  by  driving  the  rotor 
by  power.  Some  hysteresis  loops  of  this  apparatus  are  given 
in  my  second  paper  on  the  Law  of  Hysteresis.* 

These  overturned  magnetic  cycles  differed  considerably  from 
the  typical  hysteresis  cycle,  Fig.  5.     A  typical  hysteresis  cycle, 


Fig.  G. 


however,  can  be  made  to  contract,  disappear,  and  reverse  in  the 
following  manner: 

Two  equal  exciting  coils  A  and  B,  in  Fig.  7,  at  right  angles 
with  each  other  in  space,  are  energized  by  two  equal  sinusoidal 
quarter  phasee.m.f's.  so  giving  a  uniformly  rotating  magnetic  field. 
In  the  center  of  this  field  is  a  movable  iron  disc,  C.  With  this 
disc  at  standstill,  the  line  of  resultant  magnetism  in  the  disc 
y,  F/,  lags  behind  the  line  of  resultant  rotating  m.m.f.  XX^  of  the 
exciting  coils,  by  the  angle  of  hysteretic  lead  a,  and  the  relation  of 
impressed  e.m.f.  and  so  of  magnetic  flux,  and  of  exciting  current 
in  the  coils  .4  and  B  gives  the  tvpical  hysteresis  cycle.  Curve  I, 
Fig.  8. 

With  the  disc  C  rotating  below  synchronism,  the  angle  XOY  —  a 
remains  the  same,  the  hysteresis  cycle,  and  thereby  the  power 
consumed  in  the  exciting  coils,  is  the  same;   but  the  molecular 


♦Transactions,  A.  I.  E.  E.,  1892,  vol.  9,  p.  3. 
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magnetic  friction  in  the  disc,  while  the  same  per  cycle,  decreases 
with  increasing  speed,  proportional  to  the  decreasing  frequency 
of  slip.  The  difference  in  the  power  consumed  by  hysteresis  in 
the  e.xciting  coils,  and  the  power  consumed  by  molecular  magnetic 
friction  in  the  disc,  is  converted  into  mechanical  work,  and  such 
an  apparatus,  which  I  called  "hysteresis  motor,**  so  gives  con- 
stant torque  at  all  speeds,  up  to  synchronism.  If  this  torque  is 
more  than  the  friction  torque,  the  disc  accelerates  up  to  syn- 
chronism. At  synchronism,  molecular  magnetic  friction  dis- 
appears, and  the  line  of  resultant  magnetic  flux  retains  a  con- 
stant position  with  regard  to  the  iron,  and  all  the  power  given 
by  the  exciting  currents  in  the  form  of  the  hysteresis  loop  is 
converted  into  mechanical  power.  If  this  is  more  than  the  power 
consumed  by  mechanical  friction,  the  line  of  magnetization  runs 
ahead  by  the  acceleration  of  the  disc,  to  Y^  Y 2^  the  angle  of 
hysteretic  advance  X  O  Y  decreases,  and  the  hysteresis  cycle  of 


Fig.  7. 

the  exciting  coils  so  contracts,  to  Cur\^e  II,  Fig.  8,  giving  an  area 
corresponding  to  the  friction  tot  que  only.  If  now  the  friction 
torque  is  supplied  by  a  mechanical  driving  force,  and  the  disc 
C  not  called  upon  to  do  any  mechanical  work,  it  mns  ahead  until 
its  line  of  magnetization  Y  Y^  coincides  with  the  line  of  result- 
ant m.m.f.  X  X^\  that  is,  the  hysteresis  angle  (x  disappears,  and 
the  cur\'e  of  magnetism  is  symmetrical  with  the  curve  of 
exciting  current,  or  the  hysteresis  loop  collapses  to  Cun^e  III, 
Fig.  8. 

Still  greater  driv'ing  force  impressed  upon  the  disc  C,  sends  the 
line  of  resultant  magnetization  ahead  of  .V  X*,to  Y^  Y^,  the  angle 
of  hysteretic  advance  a  becomes  negative,  and  the  hysteresis 
loop  opens  up  a^^ain,  to  Curve  IV,  Fig.  5,  but  is  traversed  now  in 
opposite  direction,  or  overturned,  representing  production  of 
electric  power.  In  this  case,  the  cur\'e  of  exciting  current  in 
A  or  B  has  the  rcv-crse  shape;  a  hollow  on  the  rising,  a  hump  on 
the  decreasing   side. 
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With  increasing  driving  power,  the  overturned  hysteresis 
loop  IV  fattens,  until  it  reaches  the  same  shape  as  I,  but  traversed 
oppositely,  and  then  synchronism  is  broken,  and  disc  C  speeds 
up.  Above  synchronism,  the  hysteresis  cycle  has  the  normal 
shape  I,  but  is  overturned,  the  angle  of  hysteretic  advance  of 
phase  has  reversed  its  sign,  and  molecular  magnetic  friction 
again  consumes  power  in  the  disc;  but  this  power  is  now  given 
by  the  mechanical  driving  power,  and  not  by  the  electric  circuit. 

Below  synchronism,  a  constant  amount  of  electric  power  is 
consumed;  above  synchronism,  a  constant  amount  of  electric 
power  is  generated  in  the  exciting  coils,  irrespective  of  the  speed, 
while  the  power  consumed  by  molecular  magnetic  friction  in  the 
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disc  varies  proportional  to  the  slip  from  synchronism,  but  is 
the  same  above  as  below  synchronism. 

The  bearinj^  of  these  wave- shape  phenomena  on  practical 
engineering  will  now  be  considered. 

If  there  be  a  sine  wave  of  impressed  electromotive  force, 
E.  Fig.  9,  or  rather  of  counter  electromotive  force,  it  produces  a 
sine  wave  of  magnetic  flux  B.  This  sine  wave  of  magnetic  flux 
causes  an  exciting  current  to  flow  which  is  distorted  by  hysteresis, 
or  rather,  as  we  may  say,  by  the  magnetic  characteristic,  and  is 
given  by  Curve  I.  If,  however,  the  transformer  is  traversed  by  a 
sine  wave  of  exciting  current.  /  in  Fig.  10,  we  get  by  the  hysteresis 
loop  a  wave  of  magnetism,  which  is  not  a  sine  wave,  but  which 
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is  hollow  on  the  rising  side,  rises  very  rapidly  and  decreases  very 
slowly,  at  first,  and  then  very  rapidly.  That  is,  the  wave  of 
magnetism  has  a  pronounced  flat  top.  and  the  wave  of  e.m.f. 
induced  thereby  is  very  low  for  a  considerable  part  of  the  period, 
then  rises  very  sharply  to  a  high  triangular  peak,  and  falls  off 
just  as  rapidly,  as  shown  by  E  in  Fig.  10.  This  peak  rises  to 
neariy  twice  the  maximum  value  of  the  fundamental  sine  wave, 
£j  Fig.  10.  That  is,  with  a  sine  wave  of  current  traversing  an 
ironclad  magnetic  circuit,  thee.m.f.  wave  is  greatly  distorted,  and 
the  magnetic  circuit  generates  higher  harmonics  of  e.m.f.  mainly 
of  triple  frequency.* 

Very  interesting  phenomena  result  from  this  wave-shape  dis- 
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tortion  by  the  magnetic  cycle,  if  transformers  arc  grouped  in  such 
a  manner  that  certain  liarnionics  can  not  develop. 

In  a  thrcc-pliasc  system  with  three  transformers  connected  in 
<lclta  or  ring  connection,  and  a  sine  wave  of  impressed  e.m.f.,  the 
cxcititijT;  current  in  the  transfonners  has  the  usual  shape,  /  in  Fig.  9, 
containing  a  pronounced  third  harmonic,  which  is  shown  separ- 
ately as  l^  in  Fiij[.  9,  together  with  all  its  higher  hannonics  or 

♦For  instance  with  the  hysteresis  cycle  Fig.  5,  and  a  current  7  =  10 
sin  (f/)-f  30),  thee.m.f.  is  appru.ximatcd  by  the  equation  :  E  =11.67  cos 
(<^  f  2.5°)  -f-  0.(>4  cos  (.S<;6  —  3.4")  }  3.24  cos  (5<^— 11.9*)  +  1.8  cos 
(7<;6— 10.7'')  ^  1.10  cos  (9(^  -  4.5°)  +  0.80  cos  (11^  — 22«)  +  0.53  coS 
(130-26°)    I- 0.19  cos  (150- 15°) -f   .      .     . 
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**overtunes.*'  The  current  in  the  three-phase  lines  can  not  con- 
tain any  third  harmonic:  the  current  in  line  1  is  the  resultant 
of  the  currents  flowing  from  line  1  to  2,  and  from  1  to  3,  and  since 
these  two  currents  are  60  degrees  apart  in  phase,  their  third  har- 
monics are  180  degrees  apart,  or  in  opposition,  hence  cancel.  That 
is,  the  triple- harmonic  component  of  the  exciting  current  circulates 
in  a  local  circuit  through  the  transformer  triangle,  without  reach- 
ing the  three-phase  lines.  All  the  other  harmonics  of  exciting 
current  appear  in  the  line  current. 

If  the  primary  coils  of  the  transformers  are  connected  in  Y  or 
star  connection,  the  secondaries  in  delta,  the  primary  exciting 
current  does  not  contain  any   third    harmonic,  but   the   triple 
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harmonic  of  excitation  circulates  in  the  secondary  transformer 
triangle  in  local  circuit. 

Perhaps  still  more  interesting  is  the  case  of  three  transformers, 
connected  with  their  primaries  and  secondaries  in  Y  or  star 
connection  in  a  three-phase  system  with  sinusoidal  e.m.f.  im- 
pressed upon  the  lines. 

In  a  three-phase  system,  the  three  c.m.f 's.  from  the  lines  to  the 
neutral  are  120  degrees  apart  and  so  are  the  three  currents.  With 
a  sine  wave  of  impressed  e.m.f.,  if  the  e.m.f's.  between  lines 
and  neutral  were  sine  waves  also,  the  three  exciting  currents 
would  contain  strong  third  harmonics.  Since  these  currents 
are  120  degrees  apart,  their  third  harmonics  would  be 
3x120=360  degrees  apart,  or  in  phase;  that  is,  all  three 
flow   simultaneously    toward    the    neutral.       If    now   the  neu- 
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tral  is  isolated  these  triple-frequency  components  of  excitingcur- 
rent  have  no  circuit;  that  is,  cannot  flow,  and  thee.m.f's.  between 
lines  and  neutral  therefore  can  not  be  sine  waves,  but  must  be 
distorted  by  the  suppression  of  the  triple-frequency  component 
of  exciting  currents.  This  distortion  of  e.m.f.  wave  can  be  due 
only  to  a  third  harmonic  and  its  overtunes,  which  cancel  by 
combining  two  such  e.m.f's.  between  line  and  neutral,  under 
60  degrees  to  the  impressed  e.m.f.  while  all  the  other  har- 
monics would  not  cancel,  but  appear  in  the  impressed  e.m.f. 
which  was  assumed  as  a  sine  wave. 

It  follows  herefrom,  that  with  a  sine  wave  of  three-phase 
e.m.f.  impressed  upon  a  system  of  Y-connected  transformers 
with  isolated  neutral,  the  e.m.f's.  between  lines  and  neu- 
tral, or  potential  differences  at  the  transformer  terminals, 
cannot  be  sine  waves,  but  contain  a  pronounced  third  harmonic 
and  its  overtunes,  but  no  other  harmonics;  while  the  exciting 
currents  contain  no  third  harmonic  or  multiple  thereof,  but 
all  other  harmonics. 

For  the  hysteresis  cycle,  Fig.  5,  and  a  sine  wave  of  impressed 
e.m.f.,  Fig.  il,  shows  the  wave  of  exciting  current  /,  the  brans- 
former  e.m.f.  or  voltage  between  line  and  neutral,  E,  its  funda- 
mental sine  wave,  E^,  and  the  sum  of  all  its  harmonics,  £,.  As 
seen,  the  e.m.f.,  E,  is  peaked,  while  the  wave  of  magnetism  (not 
shown)  has  a  flat  top.  The  triple-harmonic  e.m.f.,  £,,  is  nearly 
half  the  fundamental,  E^,  in  this  case.  From  this  peaked  wave 
E  may  result  an  increased  insulation  strain,  but  a  decreased 
hysterisis  loss.  The  e.m.f.  on  the  transformer  is  higher  than 
the  line  e.m.f.  divided  by  \/^ 

In  cases  where  the  neutral  is  not  grounded,  these  harmonics  of 
electromotive  force  appear  as  potential  difference  between  neu- 
tral and  ground.  The  neutral  of  Y-connec4;ed  three-phase 
transformers  therefore  is  not  at  ground  potenti^,  but  may  have 
a  considerable  potential  difference  against  ground,  of  triple 
frequency:  the  third  harmonic,  E^  Fig.  11,  which  is  generated  be 
the  magnetic  cycle  of  the  transformer. 

With  a  grounded  neutral;  that  is,  zero  potential  difference 
between  neutral  and  ground,  but  no  other  ground  on  the  system, 
the  triple  harmonic  of  exciting  current  still  cannot  flow,  and  the 
potential  difference  in  the  three  transformers  still  contains  a 
third  harmonic.  Since  all  these  triple  harmonics  are  in  phase 
with  one  another,  it  means  that  all  three  lines  rise  and  fall 
simultaneously,  or  in  synchronism  with  one  another  against 
ground,  or  a  triple-frequency  voltage  appears  between  the 
three  lines  of  the  three-phase  system  and  the  ground,  which  may 
have  a  fairly  considerable  magnitude  as  seen  in  Fig.  11.  Suppose 
now  these  transformers  with  grounded  neutral  feed  into  a  long 
distance  transmission  system.  We  have  a  circuit  from  the 
grounded  neutral,  over  the  inductance  of  the  three  transformers 
in  multiple,  and  back  to  ground  over  the  capacity  of  the  three 
transmission  lines  against  ground,  with  a  triple-frequency  im- 
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pressed  e.m.f.,  the  third  harmonic  generated  in  the  transformers. 
There  is  a  high  frequency  e.m.f.,  in  series  with  inductance  and  ca- 
pacity. Such  a  combination  may ,  under  unfavorable  conditions,  be 
serious  in  originating  surges  in  the  system,  against  groimd,  of 
more  or  less  destructive  voltage.  But  even  if  no  serious  high  po- 
tential phenomena  occur,  the  rise  and  fall  of  the  whole  system  at 
triple  frequency  may  give  electrostatic  induction  on  neighboring 
circuits,  as  telephone  lines,  etc.     Suppose  we  ground  the  neutral 
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of  the  step-down  transformers  also,  and  connect  their  secondaries 
in  delta.  Then  the  triple-frequency  electromotive  force  disap- 
pears and  the  triple-frequency  current  flows  over  the  ground  and 
circulates  in  the  secondary  delta  of  the  step-down  transformers. 
We  have  then  in  the  system  a  triple-frequency  current  which 
flows  over  all  three  lines  in  parallel  and  back  over  the  ground; 
and  while  triple-frequency  electrostatic  induction  disappears 
there  appears  electrodynamic  induction. 
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Similar  phenomena  also  occur  with  alternating-current 
generators.  In  a  three-phase  generator  with  the  three  coils 
Y-connected,  if  there  is  a  triple-frequency  electromotive 
force  in  each  phase,  a  potential  difference  of  triple  fre- 
quency exists  between  neutral  and  ground,  or,  with  grounded 
neutral,  between  the  three  lines  and  ground.  These  electro- 
motive forces  are  in  series  short-circuited  upon  themselves, 
in  the  three-phase  delta-connected  generator.  There  is.  however. 
a  very  essential  difference  between  this  case  and  the  corres- 
ponding case  of  the  transformer.  In  the  case  of  transformers, 
we  can  only  get  the  triple-frequency  component  of  the  exciting 
current;  that  is,  the  current  which  can  flow  between  neutral  and 
ground,  or  circulate  locally  in  the  delta,  is  limited.  With  a 
generator,  it  is  a  short-circuit  current  of  the  induced  electro- 
motive force  of  triple  frequency.  Such  currents  circulating  in 
the  windings  of  delta-connected  generators  were  obser\''ed  years 
ago.  In  many  cases  they  may  have  been  attributed  to  abnor- 
mally great  hysteresis  losses,  and  escaped  attention.  In  the 
Y-connected  generator,  you  may  have  triple-frequency  electro- 
motive forces  in  the  phases  which  do  not  appear  in  the  terminal 
voltage,  and  give  a  triple-harmonic  e.m.f.  from  the  neutral  against 
ground,  and  if  we  get  a  path  for  this  triple  harmonic,  we  may  get 
currents  which  in  this  case  are  not  merely  two  or  three  per  cent, 
of  the  full  load  current — the  triple-frequency  component  of  the 
transformer  exciting  current — ^but  may  be  full-load  current  or 
more.  If  the  phase  relation  of  the  triple-frequency  harmonic 
with  the  fundamental  is  the  same  in  all  generators  of  the  system 
there  would  be  no  current  in  the  neutral.  If  we  run  two  machines 
at  different  excitation,  one  higher  and  the  other  lower,  then  a 
current  flows  between  the  two  machines  which  is  a  wattless 
current,  magnetizing  the  under-excited  and  demagnetizing  the 
over-excited  machine.  The  terminal  voltages  are  not  quite  in 
phase  with  the  induced  voltage,  but  in  phase  with  each  other, 
since  the  machines  are  connected  together.  The  triple- fre- 
quency voltages  so  give  a  resultant,  and  thus  a  current  over  the 
neutral,whichmay  reach  very  hig!i  values.  If  we  have  two  gene- 
rators, one  having  a  triple-frequency  e.m.f.,  we  get  the  same 
phenomenon  of  a  triple-frequency  current;  but  this  cur- 
rent is  not  limited  and  may  occasionally  reach  values  compara- 
tively high,  and  that  is  why  it  is  not  safe  freely  to  ground  the 
generator  neutrals.  If  the  generators  are  to  be  grounded,  they 
should  be  grounded  through  a  resistance  limiting  the  neutral 
current,  or  they  must  have  practically  the  same  wave  shape  and 
the  excitation  must  be   kept  practi/ally  alike  in  each  generato/. 

Philip  Torchio:  I  wish  to  ask  Mr.  Stcinmjtz  about  the  third 
harmonic  short  circuit  between  three-j)hase  generators  Y-con- 
nected with  the  grounded  neutral.  One  cf  the  largest  com- 
panies in  New  York  tried  at  the  start  to  operate  all  the  gen- 
erators engine-driven  with  the  neutral  grounded,  and  they 
found   a  large     short-circuit   current  between    the    neutral  of 
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different  generators,  evidently  due,  as  explained  by  Mr.  Steinmetz, 
to  the  third  harmonic.  In  two  other  plants  operating  ex- 
clusively with  turbine-generator  sets,  no  short-circuit  current 
of  the  neutral  has  been  manifested  by  the  anuneter,  all  the 
neutrals  of  the  Y-connected  generators  being  dead  grounded. 
Will  Mr.  Steinmetz  explain  why  the  engine-driven  generators 
give  the  third  harmonic  short-circuit  current,  while  the  turbine- 
driven  generators  do  not  give  such  current? 

Chas.  P.  Steinmetz:  I  think  I  can  explain  that.  The  turbine 
generators  were  all  alike,  running  with  identical  wave  shapes 
at  equal  excitation.  I  do  not  know  what  station  is  referred  to, 
but  if  I  guess  correctly,  in  the  same  station  some  larger  turbine- 
generator  sets  were  afterward  installed,  and  between  the  old 
m?xhines  and  the  new  ones,  very  considerable  currents  were 
found  over  the  neutral.  The  question  is,  whether  the  triple 
harmonics  are  identical  and  have  the  same  phase,  or  whether 
they  are  not  identical  and  have  not  the  same  phase. 

W.  S.  Franklin:  It  is  not  very  often  that  any  of  us  gets  a 
chance  to  find  fault  with  what  Dr.  Steinmetz  says,  but  there 
is  one  thing  which  he  mentioned  to-night  which  I  wish  to  criti- 
cize, and  that  is  the  idea  of  a  hysteresis  loop  connected  with  a 
rotating  disc  when  the  flux  remains  at  one  constant  value; 
unless,  indeed.  Dr.  Steinmetz  means  to  compare  the  magnetizing 
current  in  the  horizontal  coil  with  the  vertical  component  of 
the  magnetism. 

Two  or  three  points  now  which  are  chiefly  of  interest  in 
matters  educational.  In  the  first  place  I  want  to  call  attention 
to  the  use  of  the  word  *  sinusoidal."  In  the  study  of  mechanics 
the  word  "  harmonic  "  has  come  into  almost  universal  use  for 
designating  that  type  of  motion  which  is  exemplified  in  the 
swingint^  of  a  pendulum.  That  is  sinusoidal  motion.  We  should 
adopt  the  term  harmonic,  and  speak  not  of  sinusoidal,  but  of 
harmonic  currents  and  harmonic  electromotive  forces. 

Another  point  concerns  the  assumption  which  is  made  in  all 
alternating-current  treatises  as  to  the  harmonic  character  of 
electromotive  forces  and  currents  generated  by  alternators.  It 
seems  to  me  that  it  is  a  false  idea  which  many  people  have 
gotten  into,  that  this  assumption  places  a  limitation  on  the 
theory  of  alternating  currents,  for  this  reason:  given  an  alter- 
nator which  develops  an  electromotive  force  of  any  complicated 
wave-shape  whatever,  and  let  it  be  required  to  determine  the 
current  produced  by  the  electromotive  force.  This  problem 
resolves  itself  into  a  series  of  problems,  each  one  of  which  is  an 
ordinary  simple  harmonic  alternating-current  problem.  The 
first  thing  to  be  done  is  to  resolve  the  electromotive  force  into 
hannonics,  and  then  treat  each  harmonic  electromotive  force 
by  itself,  and  discuss  the  currents  produced.  If  you  limit 
\ourself  to  the  fundamental,  you  have  only  solved  one  problem 
of  the  series,  ignoring  all  the  others. 

In   regard  to  the  matter  of  the  magnetizing  current,  I  will 
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call  attention  to  one  point,  and  that  is,  that  we  have  had  two 
meanings  attached  to  the  term  angle  of  hysteretic  advance; 
one  by  Dr.  Bedell  and  one  by  Dr.  Steinmetz.  I  do  not  think, 
however,  that  it  is  important  that  this  term  should  be  standard, 
because  we  do  not  use  it  very  much. 

In  regard  to  the  representation  of  harmonic  electromotive 
forces  and  currents  in  vector  diagrams,  I  wish  to  call  attention 
to  two  distinct  ideas  that  are  involved.  First,  there  is  the  idea 
of  representing  what  actually  takes  place  in  a  circuit;  in  this 
case  the  rotating  vectors  represent  the  successive  instantaneous 
values  of  current  and  voltage;  that  is,  they  represent  the  actual 
physical  facts.  Secondly,  there  is  the  idea  of  getting  geomet- 
rical representations  of  formulas.  This  second  idea  seems  to 
be  in  Dr.  Bedell's  mind.  Thus  a  given  current  of  fundamental 
frequency  and  given  current  of  triple  frequency  when  super- 
posed give  an  effective  current  which  is  equal  to  the  square 
root  of  the  sum  of  the  squares  of  the  two;  therefore  Dr. 
Bedell  chooses  to  represent  the  triple-frequency  current  by 
a  line  at  right  angles  to  the  plane  of  the  fundamental  diagram. 
That  is  all  very  well,  but  we  must  keep  in  mind  that  we  are 
using  the  diagram  merely  as  the  picture  of  a  formula  and  not 
as  a  representation  of  physical  actions.  For  my  part  I  prefer 
to  limit  the  vector  diagram  to  the  representation  of  physical 
action  and  I  always  use  the  idea  of  a  rotating  vector  for  rep- 
resenting in  the  students*  mind  the  successive  instantaneous 
values  of  current  and  voltage. 

Frederick  Bedell:  Professor  Franklin's  remarks  well  accord 
with  our  own  views.  It  has  been  brought  out  in  the  paper  that 
at  least  two  definitions  may  be  given  to  the  angle  of  hysteretic 
advance,  these  corresponding  to  the  angles  a  and  ^  as  used  by  the 
authors;  Professor  Franklin  emphasizes  tkis.  The  relation  be- 
tween a  and  ^  is  given  in  Fig.  16,  and  our  purpose  has 
been  to  distinguish  clearly  between  them.  Professor  Franklin 
will  find  that  his  definition  is  our  a,  the  value  as  found  by 
measurement  with  ammeter,  voltmeter,  and  wattmeter. 

Professor  Franklin  also  expresses  our  views  in  regard  to  the 
significance  of  the  geometrical  construction.  It  is  merely  a 
picture  which  helps  us  to  understand  some  relations.  These 
relations  we  get  more  clearly  in  the  diagram,  but  the  diagram 
is  not  in  any  wise  a  physical  representation  of  the  facts. 

W.  S.  Franklin  (by  letter):  Two  additional  points  were 
touched  upon  in  my  discussion,  namely,  (a)  in  connection  with 
Dr.  Steinmetz's  reference  to  Froclich's  equation  to  the  B  and  H 
curve  I  stated  it  as  my  opinion  that  there  are  certain  physical 
relations  which  are  essentially  irrational  and  erratic,  that  such 
relations  can  never  be  formulated  in  the  sense  in  which  Kepler 
formulated  the  relations  involved  in  planetary  motion,  and  that 
we  ought  to  give  up  an  idea  which  seems  to  be  quite  prevalent  — 
the  idea  that  way  back  somewiicre  in  the  region  of  ideality, 
wherever  that  may  be,  t^veie  v-s  -d  formula  that  will  reduce  any 
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physical  relation  to  a  rational  basis.  I  discuss  this  point  rather 
fully  on  page  285  of  Vol.  XX  of  the  Institute  Transactions. 
(b)  In  connection  with  Dr.  Steinmetz's  reference  to  the  influence 
of  vibration  on  the  B  and  H  curve,  I  called  attention  to  a  paper 
of  mine*  in  which  vibrations  were  used  in  the  determination 
of  what  I  call  a  normal  curve  of  B  and  H. 

C.  P.  Steinmetz  (by  letter):  (1)  Regarding  the  angle  of  hyster- 
etic  advance  a,  I  always  -define  this  as  the  phase-angle  between 
the  equivalent  sine  wave  of  exciting  current  and  the  equivalent 
sine  wave  of  electromotive  force  induced  thereby;  that  is,  the 
angle  given  by  ammeter,  voltmeter,  and  wattmeter  reading, 
after  correcting  for  the  PR  (which  is  best  done  by  using  an 
exploring  coil  for  the  potential  circuit  of  wattmeter  and  volt- 
meter). In  the  hysteresis  motor  referred  to  in  the  discussion, 
it  can  be  shown  that  the  space-angle  between  the  resultant 
magnetic  flux  and  the  magnetomotive  force  equals  the  angle  of 
hysteretic  advance  of  phase  of  the  exciting  coils,  and  this  space- 
angle  was  therefore  referred  to  as  the  hysteresis  angle. 

(2)  In  general.  I  fully  agree  with  Professor  Franklin  regarding 
empirical  equations.  I  do  not  consider  the  parabolic  law  of 
magnetic  induction; 

B^H  =       " 


a  +  bH 


as  an  empirical  law,  however,  but  rather  as  a  rational  equation 
approximating  the  B-H  curve,  and  the  deviations  of  the 
induction  curve  from  this  'equation  as  due  to  secondary  phe- 
nomena not  included  in  the  equation:  molecular  magnetic  fric- 
tion, which  causes  a  deviation,  especially  at  lower  densities; 
lack  of  homogeneity,  especially  noticeable  at  intermediate  in- 
ductions (most  pronounced  in  cast  iron),  etc. 

If  I  remember  correctly,  Fiohlich  proposed  this  equation,  not 
from  experimental  data — which  at  his  time  were  hardly  suffi- 
cient— but  by  the  following  reasoning:  magnetic  induction  in 
iron,  etc.,  reaches  an  absolute  limiting,  or  saturation  value. 
This  has  been  proved  by  Ewing  for  the  *  metallic  magnetic 
induction  "  B-H.  When  approaching  magnetic  saturation, 
the  magnetic  permeability  must  therefore  decrease,  and  it  is 
reasonable  to  assume  that  the  permeability  is  proportional  to 
the  remaining  magnetizability  of  the  iron,  or  to  the  difference 
of  the  induction  B  from  its  saturation  value  S.  This  gives 
Frohlich's  equation: 


B 
or,  smce  /£  =  ,-,: 


pi  =  a  (S-B) 


^  ^a(S-B) 


'^Physical  Review,  Vol,  Vlll,  pages  304-309. 
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B  = 


A-\-BH 


aS-^  S 
or,  substituting  the  reluctance: 

1       H 

it  gives  Kennelly's  equation: 

These  equations  obviously  do  not  apply  to  the  total  induction 
B,  but  to  Bq  =  B  -  H:  the  difference,  however,  becomes  notice- 
able only  at  very  high  magnetomotive  forces 


Fig.  1. 


Harold  Pender  (by  letter) :  The  effect  of  iron  in  distorting  the 
wave-form  of  current  and  pressure  is  of  particular  importance 
in  determining  the  energy-loss  in  small  samples  of  iron  by  the 
wattmeter  method.  In  this  method  of  measurement  the  maxi- 
mum fiux  density  is  usually  calculated  from  the  effective  pres- 
sure measured  by  a  voltmeter  across  the  terminals  of  the  mag- 
netizing winding  on  the  sample;  or  the  induced  pressure  in  a 
secondary  winding  on  the  sample  may  be  measured,  this  method 
eliminating  the  resistance-drop  in  the  magnetizing  winding. 

In  general  the  maximum  fiux  density  is  proportional  to  the 
average  value  of  the  induced  electromotive  force  over  half  a 
cycle ;  only  in  case  of  a  sine  wave  of  induced  electromotive  force 
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is  the  flux  density  proportional  to  the  effective  value.  Could  a 
sine  wave  of  electromotive  force  be  impressed  directly  on  a 
magnetizing  winding  without  resistance,  the  counter  electromo- 
tive force  of  induction  would  also  have  a  sine  form,  and  would 
therefore  be  proportional  to  the  effective  pressure  determined  by 


Fig.  2. 


Fig.  3. 


the  voltmeter.  This,  however,  is  practically  impossible,  as  there 
is  always  more  or  less  impedance  in  the  primary  circuit  external 
to  the  magnetizing  coil;  namely,  that  of  the  instruments  in  the 
circuit,  as  well  as  that  of  the  transformer  for  stepping  down 
the  generator  pressure  to  a  sulhciently  low  value  to  apply  to 
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the  sample  under  test.  In  fact,  even  when  the  utmost  precau- 
tions are  taken  to  keep  the  impedance  of  the  circuit  exterior 
to  the  magnetizing  coil  as  small  as  possible,  this  external  im- 
pedance may  be  the  controlling  factor  in  the  circuit,  particularly 
for  high  values  of  the  flux-density,  and  corresponding  low  values 
of  the  permeability.  As  this  external  impedance  is  practically 
constant  under  such  conditions,  the  current  in  the  magnetizing 
coil  may  have  very  nearly  a  sine  form,  and  consequently  produce 
a  much  distorted  wave  of  induced  electromotive  force  in  the 
sample. 

The  accompanying  oscillograph  records  give  the  pressure- 
waves  under  various  conditions  induced  in  a  secondary  winding 
on  a  sample  of  iron  weighing  about  6  lb.  The  sample  was  built 
up  of  punchings  in  the  form  of  a  hollow  square  5  in^ outside,  3  in. 
inside,  each  sheet  0.14-in.  thick.  The  magnetizing  coil  had  20 
turns.  The  total  resistance  of  the  circuit  between  generator 
and  sample  was  about  0.75  ohm,  of  which  0.3  ohm  was  in  the 
instruments  in  the  circuit  and  0.45  in  the  step-down  transfomer 
(one-half  a  kilowatt,  20  to  1  ratio).  The  magnetizing  coil  it- 
self had  practically  no  resistance.  The  source  of  pressure  was 
a  small  110-volt  motor-generator,  giving  a  sine-wave  electro- 
motive force. 

Cur\^e  1  is  for  25  cycles  and  a  maximum  flux-density  of  6,850 
lines  of  induction  per  square  centimeter. 

Curve  2  is  for  25  cycles  and  a  maximum  flux-density  of  1 1,300 

Cur\'e  3  is  for  25 cycles  and  a  maximum  flux-density  of  12,800. 

A  sine- wave  of  pressure  at  the  terminals  of  the  magnetizinj^ 
coil  would  have  given  flux-densities  of  7,000,  12,000  and  15,- 
000   lines   respectively. 

The  following  table  gives  for  another  sample  the  flux-densities 
calculated  on  the  basis  of  a  sine  wave  electromotive  force  and 
the  true  flux-densities  determined  from  the  average  values  of 
the  electromotive  force  wave: 


B 

True  B 

Ratio  of  True  B   to    Calcu- 

Calculated on  basis 

60  Cycles. 

25  Cycles. 

lated  B. 

of  sine  wave. 

60  Cycles. 

25  Cycles. 

4.000 

4,000 

4,000 

1.00 

1.00 

7,000 

6,800 

6,500 

0.97 

0.93 

10,000 

9.400 

9.100 

0.94 

0.91 

12.000 

11.000 

10.6(M) 

0.92 

0.88 

lo.OOO 

12,200 

0.81 

17.500 

13.200 

0.76 

20.000 

14.100 

0.71 

A.  Henry  Pikler  (by  letter):  Professor  Bedell's  paper  gives 
the  impression  that  the  hysteresis  loop  is  the  only  cause  of  the  dis- 
tortion of  alternating-current  wave-forms.     This  is  not  so.     The 
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distortion  is  primarily  due  to  the  change  in  permeability  during 
one  cycle  of  magnetism ;  the  hysteresis  is  only  accidental. 

Mr.  Steinmetz  indicates  how  the  induced  electromotive  force 
wave  form  will  become  distorted  in  a  transformer  by  magnetizing 
it  with  a  sine  wave  current.  To  sustain  this  contention,  I  refer 
to  my  oscillograms  taken  in  Jime,  1903,*  There  it  is  shown 
that  a  constant  transformer  terminal  voltage  can  be  maintained 
by  various  forms  of  magnetizing-current  waves  which,  as  they 
become  more  and  more  sinusoidal  will  make  the  transformer 
electromotive  force  wave  take  the  shape  of  the  previously  dis- 
torted-current wave. 

^Electrical  World  and  Engineer,  1903,  Vol.  XLII,  Xo.  G,  p.  218. 
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Discussion  on  "  Effect  of  Iron  in  Distorting  Alternating- 
Current  Wave-Form",  at  Pittsburg  Branch,  October  9, 
1906. 

S.  P.  Grace:  The  sounds  of  the  human  voice  are  not  by  any 
means  pure  tones.  In  a  single  sound  will  be  foimd  what  we  may 
call  the  fundamental  tone  or  that  of  the  lowest  frequency  and,  in 
addition,  the  harmonics  produced  by  the  partial  vibration  of  the 
vocal  chords  and  the  resonating  air  of  the  throat  and  mouth.  In 
telephone  transmission  the  frequencies  which  are  important 
have  a  wide  range.  The  lowest  are  those  of  the  low  voice, 
probably  none  below  100  periods  per  second,  and  ranging  upward 
to  1500  periods  per  second. 

When  induction-coils  containing  iron  were  introduced  into 
the  telephone  circuit,  it  was  found  that  the  character  of  the 
speech  was  very  much  altered.  This  is  explained  by  the  intro- 
duction of  new  harmonics  in  new  phases  on  account  of  the  hys- 
teresis in  the  iron.  Some  time  ago,  in  a  conversation  with  Mr. 
Tuttle  on  the  subject  of  harmonics  introduced  by  hysteresis,  I 
suggested  that  the  energy  expended  in  the  dielectric  between 
cable  conductors  might  possibly  be  of  hysteretic  character,  thus 
introducing  harmonics.  These  must  of  necessity  be  small ,  but  some 
investigations  will  probably  be  made  to  determine  their  magni- 
tude. The  subject  of  the  higher  harmonics  is,  therefore,  a  live 
one  with  telephone  engineers. 

H.  B.  Tuttle:  The  instantaneous  current  at  some  one  point  of  the 
wave  was  found  to  be  greater  than  the  maximum  of  the  same 
mean-effective  current  flowing  in  a  sine  wave  (without  iron). 
The  curv^es  show  that  this  dilYerence  is  much  more  marked  in  the 
case  of  those  hysteresis  loops  which  indicate  the  higher  satura- 
tion in  the  iron.  Thus  it  would  seem  tliat  the  quantity  of  the 
iron  rather  than  the  quality  is  the  determining  factor. 

S.  M.  Kintner:  Replying  to  the  question  as  to  whether  or  not 
some  advantageous  use  could  not  be  made  of  the  current  wave 
distortion  which  made  it  quite  abrupt  in  the  construction  of  in- 
duction-coils for  gas-engine  ignition,  I  must  say  that  I  do  not  hope 
for  any  success  along  these  lines.  I  look  on  a  spark-coil  as  a 
device  capable  of  having  a  certain  amount  of  potential  energy 
stored  in  its  magnetic  field.  This  amount  of  energy  can  be  sud- 
denly converted  into  kinetic  energy  by  the  sudden  interruption 
of  the  exciting  current,  and  thus  voltages  of  considerable  value 
are  produced  in  the  secondary  circuit.  Mr.  Tuttle's  paper 
relates  only  to  alternating-current  work,  and  while  the  current 
wave-form  may  have  considerable  distortion,  the  magnetic 
wave-form  will  be  practically  the  same  as  that  of  the  voltage 
impressed. 

The  fact  that  the  voltage  wave-form,  and  consequently  the  mag- 
netic wave-form,  can  be  seriously  affectedby  the  use  of  resistance 
in  series  with  the  primary  circuit  is  quite  frequently  overlooked, 
with  the  result  that  serious  errors  are  caused  in  the  measurement 
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of  iron-loss;  and  quite  disastrous  results  follow  the  employment 
of  resistance  in  the  primary  circuit  of  testing  transformers  which 
are  being  used  to  make  dielectric  tests  on  electrical  apparatus. 
The  resistance  has  a  tendency  to  peak  the  voltage  wave. 

Regarding  the  flow  of  idle  currents  to  ground  in  a  three- 
phase,  star-connected,  grounded  neutral  system,  it  may  be  of  in- 
terest to  mention  that  this  is  true  not  only  in  circuits  having  the 
third  harmonic  but  also  those  having  the  ninth,  fifteenth,  twenty- 
first,  etc. 

A.  W.  Copley:  In  the  course  of  some  experiments  with  the 
oscillograph,  some  curves  were  taken  that  show  clearly  the  dis- 
tortion of  the  voltage  wave  of  a  transformer  when  a  sine  wave  of 
voltage  is  impressed  upon  the  primary  with  a  resistance  in  series 
with  it.     A  non-inductive  resistance  was  connected  in  series 


sine  Wave  >f  Voltage 


•^  To  Oscillograph 


a=D 


Fig.  1. 

with  the  primary  of  a  transformer  and  a  sine  wave  of  voltage  was 
impressed  upon  the  two  in  scries.  The  voltage  across  the  pri- 
mary was  about  15%  lower  than  the  total  impressed  voltage. 
A  second  transformer  with  numerous  taps  on  its  secondary 
was  connected  across  the  same  mains  as  the  first  transformer, 


Fig.  2. 


and  the  sccondarv  turns  were  adjusted  so  as  to  give  the  same 
voltage  in  amount  as  tlie  secondary  voltage  of  the  first  trans- 
former.    The  connections  are  shown  in  Fig.   1. 

In  both    transformers  the  secondary  voltages  will  be  of    sub- 
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stantially  the  same  wave-form  as  the  primary  voltages.  In  the 
first  transformer  the  voltage  wave-form  was  distorted  on  account 
of  the  presence  of  the  resistance  in  the  primary  circuit.  The  re- 
sistance tends  to  smooth  out  the  harmonics  in  the  current  wave- 
form, and  this  magnetizing  current  in  the  transformer  reacts  on 
the  voltage  of  the  transformer,  introducing  harmonics  into  it. 
On  the  second  transformer  the  voltage  wave-form  will  be  the  true 
sine  wave  impressed  on  the  primary. 

These  two  voltages,  equal  in  amount  but  a  little  out  of  phase 
with  each  other,  were  connected  in  opposition  to  each    other; 


Fig.  3. 

the  result  was  a  low  voltage  consisting  of  the  out-of-phase  com- 
ponent of  the  main  frequency  and  all  the  harmonics  in  the  volt- 
age of  the  first  transformer.  This  wave  is  shown  in  Fig.  2. 
The  sine  wave  shown  is  the  total  impressed  voltage. 

To  remove  the  out-of-phase  voltage  of  the  main  frequency, 
the  pha.sc  of  the  voltage  in  the  first  transformer  was  shifted  by 
the  introduction  of  an  inductance  in  series  and  a  resistance  in 
parallel  with  the  primary.  The  connecting  in  opposition  of  the 
two  secondaries  then  gave  the  curve  shown  in  Fig.  3,  which 
shows  that  the  main  frequency  is  almost  eliminated  and  only  the 
harmonics  remain. 
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THE  CURRENT  TRANSFORMER. 


BY  KENNETH  L.  CURTIS. 


The  current  transformer,  although  mentioned  but  briefly  in 
electrical  literature,  is  one  of  the  most  indispensable  of  meter 
auxiliaries.  By  means  of  it  currents  of  any  magnitude  may  be 
measiu*ed  with  accuracy  with  the  smallest  of  instruments.  It 
enables  us  to  use  ammeters  and  wattmeteis  in  circuits  of  the 
highest  voltages.  By  the  use  of  current  transformers  of  dif- 
ferent ratios  we  can  use  meters  of  the  same  size  and  capacity 
in  circuits  of  widely  varying  power  and  voltage,  thereby  greatly 
facilitating  the  calibration  and  maintenance  of  the  instruments. 

The  use  of  transformers  in  connection  with  alternating- 
current  ammeters  and  wattmeters  is  absolutely  necessary  in 
either  of  the  following  cases:  first,  when  the  voltage  of  the 
circuit  is  so  high  as  to  render  it  unsafe  to  connect  the  instru- 
ment directly  into  the  circuit ;  secondly,  when  the  current  to  be 
measured  is  greater  than  the  capacity  of  the  instrument,  and 
conditions  prevent  the  use  of  a  shunt.  In  the  first  instance 
the  transformer  insulation  is  made  sufficient  to  protect  the  in- 
strument from  the  high- volt  age  circuit.  In  the  second  case 
the  ratio  of  turns  is  made  such  that  the  current  through  the 
instrument  is  within  its  capacity.  In  nearly  all  cases  of  alter- 
nating-current measurements  one  or  both  of  these  conditions 
are  met  with. 

The  current  transformer,  like  all  other  transformers,  consists 
of  an  iron  magnetic  circuit  interlinked  with  two  electric  circuits. 
The  primary  is  connected  in  scries  with  the  line,  the  current  of 
which  is  to  be  measured,  and  the  secondary  is  connected  to  the 
instrument  terminals  by  leads  of  low  resistance.     With  these 
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connections  it  is  evident  that  the  meter-reading  will  go  up  and 
down  with  the  line  current;  and  although  the  ratio  of  the  meter- 
reading  to  the  line  current  may  not  be  the  same  at  all  times, 
any  one  value  of  the  current  will  always  give  the  same  meter- 
reading.  If  the  instnmient  were  in  all  cases  calibrated  in  con- 
jimction  with  the  current  transformer  with  which  it  is  to  be 
used,  the  only  points  necessary  to  consider  in  the  design  of  the 
transformer  would  be  the  heating  and  insulating.  In  well- 
designed  current  transformers,  however,  the  rptio  of  primary 
to  secondary  current  is  nearly  constant  for  all  l^tds  within  de- 
sired limits,  so  it  is  not  necessary  to  test  the  instnmient  with 
its  own  transformer  except  when  it  is  to  be  used  for  refined 
measurements. 

In  order  to  predetermine  the  behavior  of  a  transformer  it  is 
in   general   necessary  to   know:   first,   the   resistances  and   re- 


actances of  the  primary  and  secondary  windings  of  the  trans- 
former and  of  the  external  secondary  or  load  circuit;  secondly, 
the  amount  and  power-factor  of  the  exciting  current  at  the 
various  operating  flux  densities  in  the  transformer  core. 

In  the  case  of  the  current  transformer,  while  it  is  desirable 
to  keep  the  primary  resistance  and  reactance  as  low  as  possible 
to  prevent  undue  loss  of  energy,  the  behavior  of  the  transformer 
is  not  afTcctctl  by  their  magnitude,  as  the  secondary  current 
depends  only  on  the  ampere-turns  supplied  to  the  core  by  the 
primary  winding. 

The  factors  which  enter  the  discussion  of  the  current  trans- 
former are  shown  in  the  diagram.  Fig.  1. 

/n  is  the  secondary  current. 

r  and  x  are  the  resistance  and  reactance  of  the  secondary 
circuit. 
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Ej  ss  I^r-jl^x  is  the  voltage  consumed  in  the  secondary 
circuit. 

<}>  is  the  total  flux  of  the  transformer:  it  is  proportional  to 
£2  and  is  90^  ahead  of  E^. 

Iq  is  the  exciting  current  consisting  of  the  wattless  component 
Ifn  and  the  power  component  due  to  hysteresis  and  eddy  cturents 

/«. 

7j  =  7o  -  /i  is  the  total  primary  current. 

w  is  the  angle  between  the  secondary  e.m.f.  and  current. 


cos  oj  =  — ,  sm  li)  = 


Q  is  the  angle  between  the  primary  current  and  the  reversed 
secondary  current. 

^  _  horizontal  component  of  the  primary  current 
primary  current 

k  =  ratio  of  transformer,  is  the  factor  by  which  the  instru- 
ment reading  (I^)  must  be  inultiplied  to  give  the  primary 
current. 

For  ammeters,  /?  =  —. 

For  wattmeters,  the  ratio  k  is  nearly  -~,  but  is  influenced  by 

'2 

the  angle  d.     The  exact  edect  of  the  angle  0  depends  on  the 

power- ^actor   of   the   load    measured.     If    the   power-factor  is 

COS  —  lagging  current  it  is  evident  that  the  wattmeter  and  am- 
meter ratios  of  the  transformer  will  be  the  same,  for  the  effect 
of  the  angle  0  will  be  to  cause  the  meter  current  to  lead  the  line 

electromotive  force  by  —  thereby  giving  the  same  reading  as 
though  it  led  by  the  same  amount.  For  lagging  current  power- 
fact(jrs  of  less  than  cos  —  the  wattmeter  ratio  will  be  less  than 

the  ammeter  ratio;  for  all  other  values  it  will  be  greater. 

Given  r,  x,  /„,,  and  /w,  to  determine  /j  and  0. 

The  horizontal  and  vertical  components  of  /,  can  easily  be 
obtained  from  Fig.  1  as  follows: 
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Power  Component. 

Wattless  Component. 

-If 

/o 

h 

If  cos  w 

If  sin  w 

I-j  sin  w  +  /« 

^i  =  \/(/,  COS  a> +  /w)' -fC/j  sin  a; -f/m)' 


a       h'^^tn  sin  a>  +  /  a>  cos  cj 
cos  u  =  J • 


From  the  foregoing  it  will  be  seen  that  if  we  can  determine 
the  quantities  r,  x^  7^,  and  7^  we  can  readily  predetermine  the 
behavior  of  the  transformer. 

Owing  to  the  low  magnetic  flux  densities  at  which  the  trans- 
former works,  the  values  7^  and  7^  can  not  be  measured  with 
the  ordinary  available  instruments;  r  is  readily  obtained,  but 
X  is  so  low  as  to  require  special  means  of  measurement.  These 
quantities  will  be  taken  up  in  order,  and  the  means  used  to 
determine  them  discussed. 

(1)  The  Determination  of  the  Value  of  x:  This  quantity  is 
made  up  of  the  inductance  of  the  meter  and  leads,  plus  the 
self-induction  of  the  secondary  of  the  transformer. 

The  inductance  of  measuring  instruments  is  so  small  as  to 
present  serious  difficulties  in  its  accurate  determination.  After 
several  unsuccessful  attempts  at  bridge-methods  the  following 
means  was  hit  upon. 

With  connections  as  in  Fig.  2,  L^,  Lo,  and  C  are  adjusted  so 
as  to  give  a  sine-wave  current  of  desired  value  through  x  the 
unknown  inductance.*  A  hot-wire  voltmeter  of  extreme  low 
range  is  connected  across  x.  Simultaneous  readings  of  the 
voltmeter  and  ammeter  are  taken.  The  voltmeter  is  non- 
inductive,  so  its  current  ly  is  in  phase  with  the  voltage  E  across 
X,  and  both  E  and  /  arc  known  from  the  reading  of  the  instru- 
ment.    Consider  the  portion  of  the  circuit  containing  the  un- 


*Ryan,  'Cathode    Ray     Wave    Indicator,    Transactions  A.  I.  E.  E., 
Vol.  XXII. 
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known  impedance  and  the  hot-wire  voltmeter,  Fig.  3.  ^  is 
the  imknown  reactance.  R^  is  the  resistance  of  the  hot-wire 
voltmeter  and  E  its  reading.  //  is  the  total  ctirrent  read  on 
the  ammeter  in  Fig.  ?.     In  branch  circuit  x  Rx 


^-nmMu^ 


o 

VM 

c 

AM 


Fig.  2 


(\)  K  -^  Ij,  \/ (Rj,)^ -{- x^  in  which  both  /,  and  x  are  unknown. 
Square  (1)  and  divide  by  /?/. 


C^) 


Rx'  "  ^'  "^   R^^ 


R- 


— r-AAAA-T 


L__ 


Fig.  8 


Kqnation    (2)    is   represented   ^graphically   in  Fig.  4.  Angle  tf  = 

tan^     -  is  the  angle  between  /^  and  E  and  hence  between  7, 

and  /,.. 

The  current  //  is  the  vector  sinn  of  /„  and  /,. 
(3)  It'  =  V  +  /xH2/,/,cos». 
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In  the  quadrant  in  Fig.  5,0  £  is  taken  as  the  direction  of  the 
electromotive  force  E.  It  is  taken  as  radius,  and  O  A  =  I^is 
laid  off  in  the  direction  O  E.  At  some  point  B  on  this  quadrant 
the  distance  A  B  =  I^  and  the  angle  0  the  angle  between  /, 
and  I„. 

By  superimposing  the  semicircle  as  Fig.  4    on  the  quadrant 

of  Fig.  5  so  that  the  points  .4  A  coincide  and  jj-  has  the  direc- 

Kx 

tion  O  E,  the  point  of  intersection  B  gives  the  value  of  /  which 
satisfies  both  (2)  and  (3) .  x  is  obtained  by  inserting  this  value 
of  Ix  in  (1).  This  graphical  solution  is  simple  and  is  amply 
accurate  for  all  purposes. 

By  this  means  a  number  of  meters  were  measured.  The  values 
of  X  in  volts  per  ampere  for  several  of  the  instruments  tested 
are  as  follows: 


Fig.  3 


Five-ampere  indicating  ammeter x  =  0.0390 

Thrcc-ampcrc  recording  wattmeter x  =  0.0S42 

Two-ampere  indicating  wattmeter .v  =  0. 1205 

Three-ampere  indicating  wattmeter jc  =  0.2140 

Two-ampere  indicating  ammeter x  ='  0.2930 

The  self-induction  of  the  transfonner  secondary  is  too  low 
to  be  easily  measured  l)ut  can  usually  be  computed  fror.i  the 
constants  of  the  transformer. 

In  the  following  discussion  one  of  the  pjesent  commercial 
types  of  current  transformer  will  be  taken  up  and  its  ratio  com- 
puted by  the  foregoing  theory. 

The  core  is  a  ring  of  the  dimensions  given  in  Fig.  7. 

Weight  =  5.422  lb. 

Volume  =  19.14  cu.  in. 


190G.1 


CURTIS:  CURRENT  TRANSFORMER. 


721 


116  laminations  0.014-in.  thick. 

Length  of  path  of  flux  =  11.78  in. 

Area  of  path  of  flux  =  1.637  sq.  in. 

Due  to  symmetry,  the  only  possible  path  for  leakage  flux  is 


Fig.  0 


Tig.? 


-1.637- 


around  each  individual  conductor  as  indicated  by  the  dotted 
line  in  Fig.  8.  The  flux  set  up  in  this  path  per  centimeter  per 
ampere  multiplied  by  the  length  of  wire  in  centimeters  gives 
the  total  secondary  leakage  flux. 


I  I    Fig.  9 

f 0.05= — »i 


The  secondnry  winding  consists  of  300  turns  of  No.  16  double 
cotton-covered  wire  wound  symmetrically  around  the  core  as 
close  as  good  insulation  will  permit.  (The  rated  secondary 
current  is  three  amperes.) 

Diameter  of  wire  =  0.05  in. 


722 


CURTIS:  CURRllNT  TRANSFORMER. 


[Sept.  28 


Distance  between  wires  —  0.06  in. 
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between  wires,  about  0.03  in.  between  wire  and  core,  and  sev- 
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kilomaxwells  per  square  inch 


eral  times  this  value  on  the  side  o[  the  wire  away  from  the 
core.  A  value  of  0.04  is  probably  large  but  will  be  iised  in  this 
computation. 
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A  in  centimeters  =  0.04X2.54  =  0.1016  .'.  <f>  -  0.267  per  cm. 
Total  length  of  wire  =  5410  centimeters. 
.*.  <f>  total  per  ampere  =  1445. 

60X4.44X1445 


X  in  voltage  per  ampere 


10» 


>  0.00386 


The  reactance  of  the  transformer  is  therefore  practically 
negligible. 

The  total  reactance  of  the  secondary  circuit  is  but  slightly 
greater  than  that  of  the  meter  which  for  a  three-ampere  trans- 
former will  be  from  0.1  to  0.2. 

Current  transformers  are  largely  used  to  supply  relays  for 
various   purposes.     The   reactance   of  a  relay   is   high   and  is 
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variable.  The  effect  of  a  high  reactance  on  the  transformer 
ratio  is  shown  in  the  ratio  curves.  Fig.  13. 

(2)  The  determination  of  /^  and  /w 

As  has  been  stated,  the  magnetic  flux  density  at  which  the 
current  transformer  works  is  so  low  as  to  render  it  practically 
impossible  to  measure  the  exciting  current  and  core  loss  by 
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ammeter  and  wattmeter.  For  this  reason  the  magnetization 
curve  V\^.  10,  and  the  liysteresis-loss  curve,  Fig.  11,  of  the 
transfonner  core  were  obtained  by  the  ballistic  method. 

The  porticMi  of  /w  <lue  to  eddy  currents  was  obtained  by  com- 
puting  the   ampere-turns   necessary   to   compensate    for   eddy 
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currents  in  the  following  manner:  the  ampere-turns  due  to 
eddy  currents  are  numerically  equal  to  the  current  which  cir- 
culates in  any  lamination. 

Consider  a  lamination  of  width  b  ana  thickness  /. 

The  electromotive  force  generated  in  a  circuit  of  differential 
section,  Fig.  12,  is: 

E  =  2/,fev/2  7rBmax/10-' 

E 
I  per  inch  in  length  of  laminations  =  -^ -. — r- 

R  per  inch  =  1^^     R^^  =  3.927  microhms 


dti 


^sp 


I  per  inch 


t 


001415  5^^,//' 


The  following  table  gives  the  computation  of  ratios  of  the 
transformer  under  average  working  conditions.  The  resistance 
of  the  secondary  circuit  is  taken  as  3.5  ohms  which  gives  the 
rated  full  load  of  the  transformer,  40  watts.  The  reactance  is 
taken  as  0.2.  300  secondary  turns,  ratio  =1:1,  r  =  3.5, 
X  =  0.2,  60  cycles,  sin  cj  =  0.05705,  cos  (o  =  0.99837. 


'2 

0.5 

1 

1.5 

2 

3 

4 

^2 

1.7528 

3.6057 

5.2585 

7.0114 

10.517 

14.0228 

E2  per  turn 

0.005843 

0.011685 

0.017528 

0.023371 

0.035057 

0.040742 

n  -=  i"^^^  =  2239IOE2  per  turn 

1341 

2673 

4020 

5360 

8038 

10718 

.4-r  per  inch  from  curve 

0.6 

0.873 

1.056 

1.17 

1.334 

1.461 

/m —.4-7  per  inch    X-«j^ 

0.0235 

0.034201 

0.04137 

0.045836 

0.05226 

0.057237 

/\v  (hysteresis)  =■ 

hysteresis  watts 
^2 

0.002621 

0.00655 

0.0102 

0.0131 

0.01856 

0.023258 

';y  (c«l(ly  currents)    = 

AT  due  to  eddy  currents 
300 

0.001144 

0.00228 

0.00343 

0.00457 

0.00686 

0.00915 

/w  (total) 

0.003764 

0.00883 

0.01363 

0.01767 

0.02542 

0.032408 

/l 

0.50563 

1.0113 

1 .5164 

2.0208 

3.0288 

4.036 

Ammeter  ratio 

1.01126 

1.0113 

1.0109 

1.0104 

1.0096 

1.009 

co^^ 

0.9989 

0.9994 

0.9997 

0.9997 

0  9998 

0  9999 

726  CURTIS:  CURRENT  TRANSFORMER.  [Sept.28 

The  curves  in  Fig.  13  show  the  ratios  from  0.5  to  4  amperes 
for  several  values  of  resistance  and  reactance.  These  curves 
were  computed  from  the  constants  of  the  instnmient.  The 
computations  for  curve  2  are  given  in  the  foregoing  table. 
Curve  1  shows  the  effect  of  resistance  alone  on  the  ratio. 
Curves  2,  3,  and  4  are  the  actual  working  cui-ves  of  the  instru- 
ment and  so  closely  resemble  the  laboratory  and  factory  tests 
on  this  type  of  transformer  that  they  could  easily  be  mistaken 
for  the  actual  tests. 

From  the  foregoing  it  will  be  seen  that  the  factor  which 
prevents  a  constant  ratio  of  secondary  to  primary  current  for 
all  loads  is  the  exicting  ampere-turns.  The  smaller  these  are 
in  proportion  to  the  total  ampere-turns  of  the  transformer  and 
the  lower  the  power-factor  of  the  exciting  current  the  more 
nearly  will  we  approach  a  constant  ratio. 

Assuming  the  secondary  to  have  as  low  resistance  and  react- 
ance as  is  practicable,  to  obtain  the  best  results  we  must  make 
the  magnetic  circuit  so  as  to  have  as  low  values  of  reluctance, 
hysteresis,  and  eddy  currents  as  possible.  That  is  to  say,  if 
the  secondary  has  as  low  resistance  and  reactance  as  is  practicable 
the  best  current  transformer  will  be  the  one  containing  the  most 
iron  of  the  best  quality  in  the  form  of  the  thinnest  laminations. 
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Discussion  on  "  The  Current  Transformer,  '  at  New  York, 
September  28.  1906. 

L.  T.  Robinson:  We  have  recently  been  working  with  cur- 
rent transformers,  using  a  somewhat  different  method  from  that 
given  by  the  author  of  the  paper;  that  is,  instead  of  determining 
the  exciting  current  and  the  internal  losses  in  the  transformers 
by  means  of  a  ballistic  galvanometer,  we  have,  by  means  of  sen- 
sitive alternating-current  dynamometers,  determined  these 
values  directly,  and  have  been  able  to  get  a  fair  agreement  be- 
tween these  values  and  those  obtained  with  the  ballistic 
galvanometer.  In  this  connection  the  effect  of  wave  distortion 
is  quite  prominent.     In  making  these  measurements,  if  a  re- 
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sistance  is  included  in  series  with  the  primary  of  the  transfonner 
under  test,  the  impressed  electromotive  force  on  the  transformer 
itself  is  distorted,  and  the  current  wave  is  divStorted.  Under 
these  conditions  it  is  rather  difficult  to  determine,  not  just  what 
the  exciting  current  is  but  what  it  would  be  under  the  conditions 
of   use. 

Fi^^  1  shows  measurements  which  have  been  made  by  both 
methods;  these  indicate  that  even  with  the  small  resistance 
losses  in  these  delicate  instruments,  in  comparison  with  the  very 
small  losses  in  transformers  of  this  kind,  the  distortion  is  appre- 
ciable although  not  sufficient  to  destroy  the  value  of  the  measure- 
ments.    The  principal  effect  at  high  densities  is  much  above 
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the  full  rated  capacity  of  the  transformer,  which  point  is  in- 
dicated in  the  figure.  In  the  experiments,  the  resistance  and 
inductance  of  the  circuit  containing  the  instruments  was  kept 
constant  throughout  the  limits  of  the  test.  The  measurements  at 
higher  densities  can  be  made  with  much  less  impedance  in 
circuit,  and  hence  with  very  much  less  distortion. 


Pig.  2. — ^Upper  curve  exciting  current  0.25  amp.     s/meat?.   Oj  on  Fig.  1. 

Lower  curve  potential  across  primary. 

In  series  with  trans,  primary  R=  10.0  and  L  =  0.01908. 

Under  the  test  conditions,  several  records  have  been  taken  of 
the  distorted  waves  Figs.  2,  3,  4,  and  5,  which  may  be  of  interest 
both  in  connection  with  the  paper  on  transformers,  and  in  con- 
nection with  the  discussion  on  wave  distortion  which  has  already 
taken    ])lace. 

Fig.  2  gives  potential  wave  across  primary  of  transformers  and 
exciting-current  waves  corresponding  to  point  Oj  on  Fig.  1. 


I'u;.  3. — Ui»pcr  curvi-  exciting  current  0.6  ampere.     Oj  on  Pig.  1. 
Lower  curve  iKjtential  across  primary. 
In  scries  with  trans,  primary  R=10.0  and  L  =  0.01908. 

Fig.  3  C.  D.,  gives  same  at  point  0,. 

Figs.  4,  f),  6,  ami  7  at  points  higher  up  on  curve. 

The  time  has  not  been  available  to  gather  from  these  oscillo- 
grams more  than  qualitive  information  tending  to  show  that  the 
clTcrt  of  wave  distortion  is  of  little  account  at  lower  values  of 
magnetization,  through  the  range  where  the  transformers  are 
nonnally  used. 
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Two  points,  Oj  and  Oj,  have  been  corrected  for  distortion  of 
wave  shape,  giving  O^  and  O^* 

In  connection  with  this  subject  the  phase-angle  between  the 
primary  and  secondary  currents  is  in  some  cases  of  as  great 
importance  as  the  ratio  of  the  transformer,  especially  when 
wattmeters  are  to  be  used  and  the  power-factor  of  the  circuit  to 
be  tested  is  low.  Exciting  current  has  also  been  obtained  by 
determining  with  considerable  accuracy  the  phase-angle  and  the 
ratio  of  currents,  and  then  deducing  from  this  ratio  of  currents 


Fig.  4. — Upper  curve  exciting  current  0.5  ampere.     Lower  curve 

potential  across  primary.     Same  as  Fig.  2. 

In  series  with  trans   ymmary  R=  10  and  L  =  0.00 KM. 


Fir,.  5. — Upjier  curve  exciting  current  1  amfHjre.     Lower  curve 

potential  across  primary. 

In  series  with  trans,  primary  R=  10  and  L  =  0.00164. 

and  the  phase-angle  between  the  primary  and  secondary,  the 
exciting  current.  This  can  be  made  to  correspond  under  rea- 
sonable limits  with  the  exciting  current  detennined  directly 
by  dynamometer  instruments. 


*0!)scrvcd  alternating  current  volts  X        - =  corrected  volts. 

form -factor 

Observed    alternating-current   amjxjres   X    amplitude-factor  =  corrected 
ami)ercs. 
Rtjcrt'ucc. — IC.  Gumlich  and  F.  Rose,    Elcctrotcchnische  Zcitschrtft,    Jan- 
uary 1,  1905,  p.  50:3. 
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In  connection  with  this  measurement  of  the  phase-angle,  it 
may  be  of  interest  to  explain  what  we  have  been  doing.  The 
method  is  very  simple  and  satisfactory  and  was  developed  by 
my  assistant,  Mr.  O.  Holz.  Fig.  8  k\  shows  the  transformer 
primary  in  which  is  included  the  resistance  R.  The  trans- 
former secondary  working  on  the  load  as  shown,  has  included  in 


Fig.  6. — Upper  curve  exciting  current  '1  amperes.      Lower  curve 

potential  across  primary. 

In  series  with  trans,  primary  R=  10  and  L  =0.00104. 

its  circuit  the  resistance  r.  Connected  with  the  supply  circuit 
is  a  phase-shifting  device  to  whirh  in  turn  is  connected  the  fixed 
coil  of  one  of  the  sensitive  dynamometers  to  which  reference  has 
been  made.  The  moving  coils  of  the  dynamometer  are  now 
connected  to  R  by  means  of  a  double-throw  switch,  and  using 
the  phase-shifter,  adjust  to  a  90-degree  relation  (O  deflection) 


Fir..  7.  --U])pcr  curve  e.xcitinj,'  current  \\  amperes.      Lower  curve 
ixjtential  across  primary. 
In  Stories  with  trans.  i)rimary  R=  10  and  L  =  0.001224. 


between  the  rurrent  in  the  fixed  coil  and  the  current  in  the 
movini,'  roil  The  instrinncnt  is  now  sensitive  to  a  change  in 
an^le  of  cillier  one  of  the  currents.  The  moving  coil  of  the 
(Ivnaniometer  is  quiekly  transferred  by  means  of  the  switch 
to  resistance  r,  and  a  deflection  is  obtained.  By  taking  into  ac- 
count resistances  R  and  r,  the  current  value  in  the  primary  and 
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the  secondary  sides  of  the  transformer,  and  the  current  in  the 
fixed  coils,  the  angle  between  the  current  flowing  through  R  and 
r  is  readily  deduced. '  The  following  formula  may  be  used: — 

^.         ^  wattmeter  reading  expressed  in  watts 

If   =  current  in  fixed  coil, 
n.   =^  volts  drops  in  resistance  r. 
This   test   is   somewhat    more    readily    accomplished    using 
two  reflecting  wattmeters,  as  shown  in  Fig.  8  b;  in  fact  it  is 
usually  made  in  this  way. 


rii(iii<-  8hi(U>r 


Secondary        3 
J      3  Relay 


DuuUlvthroir 
switch. 


MoTiugCoil 
Ut(t.  Wattmeter 


Fig.  8a. 


It  is  at  times  useful,  in  j:^oing  along  with  work  in  which  trans- 
t  )rmcrs  are  used,  to  know  the  practicdl  limit  of  the  angle  be- 
t\v('(*n  the  primary  and  secondary  currents.  Using  the  diagram 
in  about  the  same  way  as  the  author  has  drawn  it,  we  have  I,, 
F'y^.  y,  secondary  current,  and  if  there  is  no  reactance  in  the  sec- 
ondary it  would  lie  in  the  direction  E.^,  but  the  cases  in  which 
there  is  no  secondary  reactance  are  unusual.  The  appearance  of 
it  will  be  more  like  the  rtj^aire.  The  exciting  current,  Iq,  even  under 
tlic  most  unfavorable  conditions  where  the  energy  component 
of  the  core  loss  is  small,  would  be  about  as  shown.  In  practical 
vases  it  is  quite  safe  to  consider  that  the  angle  C  would  not  be 
less  than  ll>3  dei;rces.  in  which  case  the  effect  of  the  exciting 


732 


THE  CURRENT  TRANSFORMER. 


[Sept.  28 


current  in  varying  the  ratio  of  transformation  would  be  almost 
the  same  as  in  varying  the  phase-angle.  As  a  limiting  value 
it  is  pretty  safe  to  say  that  a  transformer  which  would  have  one 
per  cent,  error  at  any  point  in  ratio,  would  also  have  an  angle 
between  the  primary  and  secondary  current  not  greater  but 
probably  less  than  one  whose  sine  or  tangent  is  0.  01. 

Suppose  in  an  actual  case  the  ratio  of  transformation  in  a 
certain  transformer  carrying  a  given  load  would  be  1.02  (the 
ratio  of  ampere-turns  must  be  used  here  as  transformers  usually 
have  a  few  secondary  tums  omitted).  The  practical  limits 
of  the  angle  would  be  "0-=  sin"*  0.02  =  about  one  degree.    Such  an 


Fio.  8b. 


angle  would  cnuse  an  error  due  to  phase-displacement  of  prac- 
tically nothing  at  power-factor  1  and  about  3%  at  power-fac- 
tor 0.5. 

The  iron  in  these  transfonncrs  is  employed  at  a  very  low 
density.  What  iron  will  do  at  these  low  densities  is  not  gener- 
ally understood.  The  requirements  are  not  necessarily  met  by 
iron  having  the  best  characteristics  for  ordinary  transformers. 
Aside  from  anything  which  can  be  done  in  the  way  of  designing 
these  transformers,  the  problem  comes  down  to  a  question  of 
whether  we  can  procure  material  having  the  necessary  good  quali- 
ties at  the  density  used  for  the  core.  The  value  of  the  whole  device 
depends  on  this  core  and  it  has  been  along  this  line  we  have  been 
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recently  working  to  perfect  the  core  as  much  as  possible.  As 
showing  what  can  be  accompUshed  in  a  transformer  built  of 
material  procurable  in  sufficient  quantities  to  make  trans- 
formers commercially,  your  attention  is  directed  to  one  of 
several  transformers  which  were  recently  made  to  meet  some 
special  conditions  (Fig.  10)  in  which,  between  one-tenth  load 
and  full  load,  the  maximum  difference  in  ratio  is  hardly  more 
than  one-half  of  one  percent.,  and  between  limits  somewhat 
greater  than  this,  the  deviation  has  been  limited  to  one  per  cent. 


Fig.  9. 


It  is  also  apparent  from  the  diagram  of  the  author  that  it  is 
possible,  by  properly  arranging  the  power-factor  of  the 
secondary  load,  to  bring  the  phase  of  the  primary  and 
secondary,  currents  into  a-^tual  coincidence.  In  many  cases 
where  very  accurate  work  must  be  done  with  these  transformers, 
that  is,  where  the  conditions  of  the  test  are  such  that  a  wattmeter 
cannot  be  directly  applied,  it  is  useful  to  understand  this  rela- 
tion, and  to  control  the  power- factor  of  the  secondary  load  so 
that  the  primary  and  secondary  currents  come  in  line. 
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When  the  power-factor  of  the  secondary  circuit,  including 
that  portion  of  it  which  is  within  the  transformer,  is  equal  to  the 
power-factor  of  the  core,  the  two  currents,  I^  and  l^,  are  in  line 
and  the  primary  current  /j  is  also  in  phase  with  the  secondary 
current  reversed. 

When  the  power-factor  of  the  secondary  is  higher  than  that 
of  the  core,  (the  usual  condition)  the  secondary  current  leads 
the  primary :  and  conversely  when  the  power-factor  of  the  second- 
ary is  lower  than  that  of  the  core,  the  secondary  current  lags 
behind  the  primary.  Such  a  condition  is  present  at  times  when 
the  secondary  load  on  transformers  is  largely  made  up  of  a  relay. 
It  is  on  this  account  that  the  disturbing  effect  of  comparatively 
large  inductive  loads  on  current  transformers  is  minimized,  the 
primary  and  secondary  currents  then  being  very  nearly  in  phase, 
and,  although  the  ratio  error  is  then  a  maximum,  the  total 
error  of  a  connected  wattmeter  is  sometimes  not  greater  than  it 
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Fig.  10.— E-15  Current  Transformer,  No.  418561,  Spec.  106262. 
Ratio  400  :  1.  %  Accuracy  on  25  Cycles  Secondary  Load:  Portable 
indicating  wattmeter  an  equivalent  of  190  ft.  leads  of  \o.  10  B.  &  S. 
copper.     Volt-amperes,  14.0.     Power-factor,  0.85. 


would  be  if  the  relay  were  not  included.  By  means  of  a  knowl- 
edge of  the  various  quantities  involved,  the  combined  circuits 
can  be  arranged  to  give  the  best  results.  In  using  current  trans- 
formers for  laboratory  testing,  it  is  possible  to  obtain  very  ac- 
curate results  by  computing  current  ratios  from  the  exciting- 
current  curve,  and  by  means  of  connections,  as  in  Fig.  8a  or  8b. 
to  adjust  before  each  reading  for  0  phase-angle  between  primary 

U+lo 


and  secondary  the  ratios  then  become 


U 


directly,  and   the 


correction  for  phase-anqjle  disappears.  Again,  if  potential  trans- 
formers are  also  used  the  proper  phase-angle  between  primary 
and  secondary  currents  in  the  current  transformers  can  be  pro- 
duced to  compensate  for  the  small  phase-angle  in  the  potential 
transformer,  thus  allowing  the  true  power  to  be  directly  deter- 
mined from  the  instrument  rcadintjs  without  correction  for 
phase-displacement  in  either  transformer. 


A  pa^  presented  at  the  atoth  Meeting  of  tk.* 
American  Institute  o/ Electrical  Engineers. 
New  York,  October  abth^  igob. 

Copyright  1900.    By  A.  !.£.£. 


THE  AUDION. 

A  New  Receiver  for  Wireless  Telegraphy. 

BY  lee  DE  forest. 


The  story  of  the  development  of  a  device  of  a  distinctu^ly 
new  order,  from  its  first  inception  to  its  practical  reality,  adds 
a  human  interest  to  its  description  which  is  perhaps  too  often 
lacking  among  scientific  records. 

In  1900  when  I  was  beginning  experiments  on  the  electrolytic 
responder,  it  was  my  good  fortune  to  have  to  work  upon  it  at 
night  in  my  own  room,  at  a  table  beneath  a  solitary  gas-burner 
with  Welsbach  mantle.  My  source  of  hertzian  waves  was  the 
discharge  of  a  small  induction-coil  placed  in  an  opposite  comer 
and  set  into  operation  by  a  key  closed  by  pulling  a  string. 
One  night  I  noticed  to  my  surprise  a  decided  diminution  in 
the  light  from  the  incandescent  mantle  whenever  the  coil  was 
sparking.  The  constant  recurrence  of  this  effect  induced  me 
to  investigate.  By  proper  adjustment  of  the  inflow  of  gas  and 
air  to  the  burner,  an  almost  complete  extinction  of  its  light 
was  obtained  during  the  sparking  of  the  coil.  Another  adjust- 
ment even  allowed  an  increase  of  the  light  above  normal  For 
several  days  I  was  elated  over  the  tremendously  sensitive  and 
altogether  novel  type  of  hertzian-wave  responder  thus  acci- 
dentally discovered.  But  alas  for  the  over-sanguine  spirits  of 
the  young  investigator!  When  I  thrust  my  induction  coil  into 
a  closet  and  (losed  the  wooden  door,  thus  shutting  off  the 
sound  of  its  vibrator  and  spark,  my  gas-light  ceased  to  fluctuate. 
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I  found  I  had  merely  discovered  an  extremely  responsive 
form  of  the  sensitive  gas-flame,  and  that  a  bunch  of  jingling 
keys,  or  a  smart  clapping  of  the  hands  were  almost  as  efficient 
generators  of  these  hertzian  waves  as  was  my  induction  coil. 
To  hopes  unrealized  this  was  indeed  the  '*  Light  that  Failed." 

But  the  few  days  of  illusion  had  set  me  thinking.  Here  in 
tie  flame  around  this  incandescent  mantle  was  matter  in  a 
most  mobile,  tenuous  state,  extremely  sensitive  to  sound  and 
heat  vibrations,  infinitely  more  delicate  than  any  arrangement 
of  solid  or  liquid  particles.  Why  should  it  not  then  in  some 
phase  or  fashion  respond  to  the  hertzian  vibrations  also? 

Unable  to  dislodge  this  conviction  from  my  mind,  I  began 
later  to  search  for  the  genuine  response  to  electric  vibrations 
in  the  gas-flame.  I  found  the  conductivity  of  the  incandescent 
mantle  surprisingly  small  however  for  any  voltages  which  would 
be  practical  in  a  wireless  receiver. 

By  soaking  the  mantle  in  a  potassiiun  or  sodium  solution 
and  drying,  I  was  finally  able  to  pass  a  small  current  from  a 
dozen  dry  cells  through  the  flame  surrounding  it,  using  two 
platinum  electrodes  with  a  telephone  receiver  in  circuit,  and 
get  a  faint  response  to  the  genuine  hertzian  wave.  The  dis- 
covery that  the  effect  predicted  was  actually  present  was  in- 
tensely gratifying. 

Experiments  followed  with  the  bunsen-bumer  and  other 
forms  of  flame.  In  the  coal-gas  flame  the  exterior  luminous 
portion  is  positively  electrified,  the  interior  negatively.  To 
render  these  flames  sufficiently  conducting,  salts  of  the  alkali 
metals  were  introduced.  Of  these  the  caesium,  potassium,  and 
sodium  salts  are  the  most  conducting,  and  in  the  order  named. 
These  salts  were  either  injected  into  the  flames  as  solution,  or 
preferably  put  in  a  little  platinum  cup  held  in  the  luminous 
part  of  the  flame  and  made  the  cathode  of  the  telephone  circuit. 

A  i)latinum  wire  or  disk  held  about  2  mm.  above  this  cup 
acted  as  anode.  The  antenna  and  earth  connection,  or  the 
two  terminals  of  the  oscillating  receiving  circuit,  were  connected 
to  these  platinum  electrodes.  An  electromotive  force  of  G  to 
IS  volts  supplied  by  a  battery  of  dry  cells  was  sufficient  to  give 
a  current  (jf  s^neral  milliamperes  through  the  colored  flame. 

This  early  form  of  Audion,  the  flame  receiver,  was  remark- 
ably sensitive  to  weak  hicjh-frequency  oscillations.  The  sound 
heard  in  the  telephone  was  an  exact  reproduction  of  that  of 
the  transmitter  spark,  in  pitch,  variation  of  intensity,  etc. 
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It  was  observed  that  the  increase  of  current  with  electromotive 
force  did  not  follow  Ohm's  law;  a  saturation  value  of  the 
current  was  observed.  Wilson  has  found  that  the  maximum 
current  which  a  salt  vapor  in  a  flame  can  carry  is  equal  to 
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the  current  which  if  passed  through  an  aqueous  solution  of  that 
salt  would  electrolyze  the  same  quantity  of  the  salt  as  was 
imparted  during  the  same  unit  of  time  to  the  heated  gas. 

Beyond  this  saturation  value  the  current  will  not  rise  tmtil 


Fig.  2. 


the  electromotive  force  is  great  enough  to  enable  the  field  itself 
to  ionize  the  gas;  that  is,  until  the  velocity  imparted  to  the 
negative  ions  by  the  field  is  suthcient  to  enable  them  to  separate 
the  gas  molecules  with  which  they  collide  into  positive  and 
negative  ions 
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The  conduction  through  flames  under  the  conditions  I  am 
describing  is  due  chiefly  to  the  negative  ions  generated,  and 
these  are  chiefly  in  the  vicinity  of  the  metalHc  cathode.  It 
is  necessary  that  the  alkali  vapor  comes  in  contact  with  the 
glowing  metal.  The  increase  of  conductivity  of  a  flame  by 
the  addition  of  a  salt  may  amount  to  several  hundred  per  cent., 
and  is  due,  not  to  the  presence  of  the  metallic  atoms  in  the  flame 
itself,  but  to  the  increase  in  ionization  produced  by  the  salt 
at  the  electrodes,  notably  the  cathode. 

The  velocity  of  the  negative  ions  in  flames  at  atmospheric 
pressure  increases  rapidly  with  the  temperature.  Thus  at  2000*^ 
cent,  their  velocity  is  approximately  40  times  that  at  1(X)0'^ 
cent.     At  1000°  cent,  the  ratio  of  velocity  of  negative  ions  to 

26 
positive  ions  is  calculated  as  -=-.     At  2000°  cent,  this  negative 

cm 
ion  velocity  in  flames  is  about  1000 for  a  potential  gradient 

of  one  volt  per  centimetre. 

Now  suppose  the  average  velocity  of  a  negative  corpuscle 
to  be  proportional  to  the  electric  force;  this  velocity,  for  a 
potential  irop  of  10  volts  between  the  electrodes  as  I  use  them, 
is  of  the  order  required  to  traverse  the  distance  between  the 
incandescent  body  and  the  platinum  anode  during  the  time  of 
one  half  the  wave  period  of  the  electrical  oscillations  ordinarilv 
used  in  wireless  telegraphy.  I  shall  return  later  to  the  bear- 
ing which  this  fact  has  upon  a  suggested  explanation 
of  the  effect  of  the  hertzian  oscillations  upon  the  gas  re- 
ceiver. 

On  account  of  the  ionization  of  the  gas  near  the  incandescent 
metal,  and  the  greater  velocity  of  the  negative  over  the  positive 
ions,  it  is  to  be  expected  that  even  if  no  external  electromotive 
force  be  applied  to  the  electrodes,  and  one  of  these  be  relatively 
cold,  a  current  will  pass  along  a  wire  connecting  the  two  (elec- 
trodes, whose  direction  is  negatively  from  the  hotter  to  the  cooler 
body  in  the  flame.  In  other  words,  the  colder  body  will  be 
the  anode,  positively  charged. 

Now  if  the  hertzian  oscillations  traverse  the  hot  gas,  the 
momentary  potentials  thereby  impressed  upon  the  moving  ions 
will  conceivably  interfere  with  their  motions,  or  with  the  rates 
of  recombination  between  the  positive  and  negative  ions,  and 
thus  affect  the  current  flowing  through  the  wire.     A  telephone 
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connected  between  the  electrodes  indicates  that  changes  of  a 
surprising  amount  in  the  momentary  potential  difference,  or 
flux,  across  the  electrodes  are  effected  by  the  high  frequency 
oscillations,  even  when  no  external  battery  is  applied. 

When  a  battery  of  from  6  to  20  dry  cells  is  connected  across 
the  two  electrodes,  the  positive  terminal  to  the  cooler  electrode, 
the  potential  current  curve  for  the  conductivity  of  the  gas  is  at 
first  approximately  a  straight  oblique  line,  the  current  through 
the  flame  increasing  with  the  electromotive  force. 

Soon,  however,  this  proportionality  of  current  and  voltage 
ceases,  and  a  stage  of  saturation  is  reached  where  there  is  no 
appreciable  increase  of  current  with  increase  of  voltage.  But 
when  the  potential  difference  is  raised  sufficiently  to  ionize  the 
gas,  a  stage  is  reached  where  the  current  increase  is  far  more 
rapid  than  that  of  potential  difference.  This  last  potential 
gradient  depends  upon  the  pressure  of  the  gas;  it  is  directly 
proportional  to  the  pressure.  This  is  given  by  Thomson  as 
about  30,000  volts  per  cm.  for  atmospheric  pressure;  but  with 
incandescent  gases  in  an  enclosed  vessel  at  one  mm.  pressure 
a  gradient  of  40  volts  per  cm.  is  sometimes  sufficient  to  produce 
this  critical  stage. 

In  the  case  of  the  flame  the  distances  between  the  electrodes 
figures  very  little  in  the  amount  of  current  flowing,  the  poten- 
tial drop,  or  the  sensitiveness  to  hertzian  oscillations,  because 
most  of  the  ionization  at  low  voltages  takes  place  at  the  elec- 
trodes. 

The  size  and  shape  of  the  electrodes  are  of  small  moment. 
I  prefer  a  trough  anode  1  cm.  long  by  2  mm.  wide,  holding  the 
potns5;ium  salt,  as  cathode,  and  a  small  platinum  wire  parallel 
thereto  and  held  2  to  10  mm.  above  it  as  anode. 

The  troueh  electrode  should  preferably  be  at  the  upper  tip 
of  the  oxidizing  flame  at  its  junction  with  the  reducing  flame. 
When  this  is  made  negative  the  current  is  saturated  with  a 
comparatively  small  potential  difference.  The  gas-burner  itself 
miv  be  used  as  one  electrode.  The  flame  must  be  steady  and 
kept  rich  in  salt.  The  current  of  up-rushing  flame  makes  a 
rumblint^  noise  in  the  telephone,  which  may  interfere  with  the 
detection  of  faint  siejnals.  This  disturbing  sound  increases  with 
too  c:reat  applied  potentials. 

The  temperature,  especially  of  the  electrodes,  is  an  important 
factor.  At  red  heat  these  give  off  positive  corpuscles;  at  white 
heat  both  positive  and  negative  appear,  the  latter  predominat- 
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ing.  The  electrode  containing  the  salt  should  always  be  in- 
candescent, so  that  the  excess  of  negative  ions  given  off  and 
streaming  towards  the  other  electrode  will  increase,  rather  than 
diminish,  the  current  due  to  the  flame  itself.  The  extreme 
sensitiveness  of  the  flame  when  ionized  to  thermal  variations 
is  illustrated  by  the  fact  that  a  distinct  response  is  heard  in 
the  telephone  receiver  when  the  mere  tip  of  a  cold  pin  is  sud- 
denly introduced  into  the  flame.  The  sudden  introduction  of  a 
cold  body  into  the  active  part  of  the  flame  always  reduces  the 
response.  The  salt  is  best  placed  in,  or  on,  one  of  the  electrodes 
rather  than  held  in  the  flame  in  an  independent  receptacle,  or 
injected  into  the  gas. 

The  applied  electromotive  force  is  a  determining  factor  in  the 
sensitiveness  of  this  receiver.  The  response  seems  greatest 
where  the  potential  current  curve  is  passing  from  the  oblique 
to  the  horizontal  portion,  where  the  saturation  value  is  about 
to  be  reached  Under  these  conditions  the  sensitiveness  of  the 
flame  Audion  is  of  the  same  order  as  that  of  the  electrolytic 
receiver  using  a  glass-jacketed  electrode.  The  flame  is  not 
most  sensitive  when  the  flux  is  greatest.  There  is  a  close  re- 
lation between  the  degree  of  heat  and  the  critical  impressed 
voltage 

Considerable  difficulty  was  found  in  getting  an  absolutely 
steady  flame,  even  when  protected  by  a  chimney,  as  the  slightest 
air  current  will  deflect  the  sensitive  portion  from  the  electrodes, 
altering  the  sensitiveness  of  response 

I  next  sought  the  phenomenon  in  the  hot  conducting  gases 
of  the  electric  arc.  If  a  wire  be  connected  to  the  positive 
carbon  of  the  arc  and  led  through  a  telephone  to  a  third  elec- 
trode, platinum  or  carbon,  which  is  inserted  into  the  border  of 
the  arc,  a  considerable  current  passes  through  the  telephone. 
If  these  two  electrodes  are  now  connected  to  the  terminals  of 
the  receiving  oscillating  circuit,  the  conduction  of  the  leak 
current  across  the  gas  to  the  third  electrode  is  sensibly  affected 
by  the  arriving  hcrtzian  oscillations,  if  sufficiently  intense.  A 
local  battery  can  also  be  inserted  in  series  with  the  telephone, 
but  the  voltage  drop  across  the  arc  is  usually  too  great  to 
require  this. 

Even  when  the  arc  is  fed  from  a  storage -battery,  and  cored 
carbons  used,  the  hissing  and  frying  noises  in  the  telephone 
(probably  due  to  the  oxidation  of  the  terminal  by  the  air)  are 
generally  too  troublesome  to  allow  a  clear  reading  of  weak 
signals  with  this  form  of  Audion. 
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The  principles  involved  in  its  operation  are  much  the  same 
as  for  the  flame  Audion.  And  although  the  intense  ionization 
produced  by  the  heat  of  the  arc  renders  it  extremely  sensitive 
to  slight  local  variations,  its  practical  requirements  make  it 
less  available  as  a  wireless  receiver. 

Inasmuch  as  the  gases  ionize  more  readily  at  lower  heats 
and  are  in  their  most  mobile,  delicate,  and  sensitive  conditions 


in  vacuum,  it  seemed  to  mc  certain  after  experiments  with 
the  flame  that  the  attenuated  and  ionized  gases  around  an 
incandescent  filament  would  undergo  very  considerable  changes 
when  subjected  to  hcrtzian  oscillations. 

P.lstcr  and  Geitel,*  beginning  in  1882  a  systematic  investi- 
gation of  the  ionization  produced  by  incandescent  metals,  fre- 
quently  employed    an   exhausted    glass   vessel    containing   an 

♦Elstcr  and  Geitel,  Wied.  Ann.,  xvi.,  1882. 


742  DE  FOREST:  THE  A  U DION.  [Oct.  26 

insulated  platinum  plate,  stretched  close  to  which  passed  a  fine 
metallic  filament  brought  to  incandescence  by  an  electric 
current.     Fig.  3. 

Ordinarily  at  atmospheric  pressures  and  red  heats  a  positive 
charge  was  produced  upon  the  plate,  of  the  order  of  a  few  volts. 
This  potential  increases  imtil  the  wire  is  at  a  yellow  heat.  As 
ttit  wire  gets  hotter  the  potential  decreases,  until  at  a  bright 
white  heat  the  potential  of  the  plate  is  very  slight.  Diminish- 
ing air  pressure  has  but  slight  effect  upon  the  plate  potential 
until  very  high  exhaustions  are  reached,  when  this  potential 
begins  to  diminish  and  may  even  change  sign,  and  as  the  ex- 
haustion proceeds  may  reach  a  very  large  negative  value.  This 
pressure  where  the  plate  charge  cha)iges  sign  depends  upon  the 
temperature  of  the  filament,  being  higher  at  higher  tempera- 
tures. 

Long-continued  heating  and  expulsion  of  gas  from  the 
incandescent  metal  play  a  considerable  part  in  the  electrical 
phenomena.  Long-continued  incandescence  favors  the  nega- 
tive electrification  of  the  plate.  The  presence  of  oxygen  aids 
in  the  carrying  off  of  a  negative  charge,  thus  producing  negative 
electrification  around  the  wire;  hence  the  action  of  oxide  of 
metal  on  filaments  tends  to  increase  the  discharge  of  negative 
electricity.  But  oxygen  also  hastens  the  disintegration  of  the 
filament. 

Gases  which  are  dissociated  by  heat  conduct  on  quite  a 
different  scale  from  those  like  air,  hydrogen,  or  nitrogen.  Ex- 
amples of  such  are  the  vapors  of  iodine,  bromine,  chlorine, 
potassium,  iodine,  etc.  These  furnish  a  much  larger  supply  of 
ionb  than  the  others.  This  dissociation  occurs  chiefly  where  the 
gas  is  in  contact  with  the  glowing  electrodes.  Of  the  metals, 
sodium  and  potassium  have  the  highest  conductivity  under  the 
above  conditions,  for  the  emission  of  negatively  electrified 
corpuscles  from  sodium  atoms  occurs  even  at  low  temperatures; 
and  I  have  used  carbon  filaments  coated  with  a  potassium  com- 
pound. The  conductivity  of  cold  mercury  vapor  does  not  seem 
greater  than  that  of  air. 

With  hydrogen  the  plate  becomes  negatively  electrified  even 
at  atmospheric  pressure;  and  when  the  filament  is  carbon  in- 
stead of  platinum  the  electrification  on  the  plate  is  always 
negative.  This  means  that  the  gas  will  discharge  the  plate  if 
positively  electrified;  that  is,  a  positive  current  will  pass  from 
the  plate  to  the  filament  in  the  gas. 
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The  electrification  produced  in  the  neighborhood  of  an  in- 
candescent wire  is  a  complicated  effect ;  it  depends  on  the  tem- 
perature and  nature  of  the  filament,  and  on  the  nature  and  pres- 
sure of  the  gas.  It  furthermore  depends  upon  the  electric  and 
magnetic  forces  to  which  the  vessel  is  subjected;  and  I  have 
found  that  the  shape  and  area  of  the  plate  or  plates,  the  con- 
dition of  its  surface  and  edges,  as  well  as  its  distance  from  the 
filament,  are  very  important  factors. 

If  the  metal  plate  be  connected  by  an  outside  wire  to  the  posi- 
tive terminal  of  the  hot  filament,  a  leak-current  from  the  plate 
to  the  filament  through  the  gas  will  be  set  up,  as  Elster  and 
Geitel  first  found,  passing  mainly  to  that  portion  of  the  filament 
rear  its  negative  terminal.     If  the  resistance  of  the  lamp  fila- 
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ment  and  the  lamp's  voltage  be  high,  a  very  considerable  leak 
current  may  thus  be  set  up. 

In  Fig.  3  a  battery  of  from  3  to  IS  dry  cells  is  connected  between 
the  positive  end  ofthe  filament  and  the  platinum  plate  \V,  the  lat- 
ter being  connected  to  the  positive  pole.  The  saturation  current 
increases  rapidly  with  the  healing  current  through  the  filament, 
which  also  increases  the  velocity  of  the  negative  ions,  as  does 
also  an  increase  in  the  applied  electromotive  force  between 
plate  and  filament. 

The  rate  of  discharge  of  negative  electricity  from  glowing 
carbon  greatly  exceeds  that  from  platinum,  while  that  from 
tantalum  and  other  of  the  newer  filaments,  given  the  same 
heating  current,  surpasses  the  rate  of  discharge  from  carbon. 
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Thomson  states  the  equation  connecting  the  saturation  current 
with  the  temperature  as 


{" 


by 
Ad^eT 


where  d  is  the  absolute  temperature,  a  and  b  are  constants. 

At  2000**  cent,  this  rate  of  emission  from  a  platinum  wire  in 
high  vacuo  amounts  to  0.1  ampere  per  sq.  cm.  of  hot  surface. 
For  carbon  this  current  can  equal  several  amperes  per  sq.  cm. 
surface.  In  the  Audion  the  flux  current  ordinarily  ranges  from 
1  to  5  milliamperes. 

The  metal  dust,  or  even  vapor  from  the  incandescent  filament 
may  play  a  part  in  the  phenomena  but  not  a  controlling  one. 
Thomson  has  shown  that  the  value  of  e/m  for  the  carriers  of 
electricity  in  the  type  of  exhausted  vessel  described  is  the  same 
as  its  value  for  the  carriers  of  the  negative  electricity  in  the 
cathode  rays,  or  in  the  discharge  of  negative  electricity  from 
metals  illuminated  by  ultra-violet  light.  In  fact  in  many  ways 
the  behavior  of  the  Audion,  notwithstanding  the  extremely 
low  potentials  used,  is  very  similar  to  that  of  a  cathode-ray 
tube;  and  in  one  or  two  small  pea-lamps  where  the  anode  disk 
was  close  to  the  bend  of  the  filament  I  have  actually  obtained, 
at  only  22  volts,  a  blue-white  beam  of  light  pla>nng  between  the 
filament  cathode  and  the  anode.  Upon  the  approach  of  a  power- 
ful magnet  this  beam  could  be  concentrated  and  deflected.  A 
great  mcrease  in  the  current  through  the  telephone  marked  the 
formation  of  this  beam,  and  a  violent  hissing  or  squealing 
sound  began  when  the  magnet  was  approached. 

The  corpuscles  at  the  filament  arc  attracted  by  the  metal  of 
the  filament,  and  to  escape  into  the  surrounding  space  they 
must  be  given  sufficient  kinetic  energy  to  carry  them  through 
the  surface  layer  where  this  attraction  for  the  carriers  is  ap- 
preciable. Thus  as  the  temperature  of  the  filament  increases, 
a  larger  number  of  the  carriers  can  escape  from  the  wire.  But 
the  saturation  values  of  the  flux  current  do  not  depend  upon 
the  velocity  of  the  ions,  but  only  upon  the  number  of  ions  pro- 
duced in  unit  time  at  the  surface  of  the  hot  metal. 

The  source  of  ionization  is  confined  to  the  gas  immediately 
surrounding  the  filament.  The  velocity  of  the  ion  at  any 
instant  is  rlcpendent  on  its  distance  from  the  filament,  because 
the  temperature  is  not  uniform  between  filament  and  plate. 
The  ratio  of  the  velocities  of  negative  to  positive  ions  varies 
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greatly  with  the  temperature.  This  is  given  as  1000  to  62 
at  2000°  cent. 

This  fact  explains  why  the  positive  conductivity  of  the  gas 
in  the  vessel  is  almost  entirely  from  the  cold  to  the  hot  electrode 
in  the  gas,  and  not  in  the  reverse  direction;  and  why  this  uni- 
directional quality  is  more  marked  for  higher  temperatures  of 
the  cathode,  the  anode  being  kept  cold. 

In  the  form  of  Audion  illustrated  in  Fig.  4,  I  employ  two 
platinum  wings  parallel  to  the  plane  of  the  bowed  filament 
and  about  2  mm.  on  either  side  of  it.  These  wings  are  soon 
coated  with  an  iridescent  deposit  from  the  metal  filament,  es- 
pecially at  the  portions  opposite  to  the  negative  half  of  the 
filament.  They  become  quite  hot  at  this  short  distance,  but 
not  sufficiently  hot  to  take  part  in  the  ionization  of  the  gas. 

When  connected  in  the  oscillation  circuit  as  shown,  properly 
attuned  to  the  receiving  electromagnetic  impulse  from  the 
antenna,  the  Audion,  under  proper  adjustment  of  heating  cur- 
rent and  battery  B  potential,  is  extremely  sensitive,  giving 
response  in  the  receiving  telephone  several  times  as  loud  as 
any  other  form  of  wireless  receiver  when  subjected  to  the  same 
impulses.  It  is,  however,  less  sensitive  to  atmospheric  or  static 
disturbances,  which  are  strongly  damped  or  a-periodic. 

I  find  the  device  extremely  closely  timed  with  the  syntonizer, 
for  its  operation  seems  to  be  dependent  upon  the  simi  total 
of  the  energy  received  from  the  complete  wave-train  rather 
than  upon  the  maximum  first  impulse  of  the  train.  In  other 
words,  while  instantaneous  as  far  as  our  senses  or  instruments 
can  perceive,  its  action  is  sufficiently  sluggish  to  be  deter- 
mined by  the  additive  effect  of  the  entire  received  electro- 
radiant  energy  through  a  short  time-interval. 

When  the  filament  is  first  lighted,  an  appreciable  interval, 
about  one-quarter  second,  elapses  before  the  full  sensitiveness 
is  established.  Before  the  flux  reaches  a  steady  state  there  is 
a  period  during  which  the  number  of  ions  is  steadily  increasing. 
As  result  of  the  colliding  of  the  initial  ions  with  the  gas  mole- 
cules the  number  of  ions  and  the  current  rapidly  increase,  tmtil 
an  equilibrium  is  finally  attained. 

The  Audion,  to  a  greater  extent  than  any  other  responder,  is 
self-tuned.  I  mean  that  by  regulating  the  heating  current, 
the  potential  between  wing  and  filament,  or  the  distance  be- 
tween these,  the  Audion  can  be  made  to  a  great  extent  selective 
per  se  to  certain  received  impulses.     And  the  determining  factor 
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here  is  not  merely  the  frequency  of  the  electrical  oscillation; 
the  spark  frequency,  or  factors  determining  the  total  amount 
of  energy  received  during  a  very  brief  imit  of  time,  determine 
to  an  extent  the  amount  of  its  response.  Thus  with  12  volts 
across  it,  it  may  give  a  loud  response  to  a  transmitter  A ;  and 
with  10  volts  "  bring  in  *'  anotlier  transmitter  B  to  the  almost 
complete  exclusion  of  A,  although  A  and  B  are  of  equal  power 
and  of  approximately  the  same  wave-length,  but  differing  con- 
siderably in  spark  frequency.  Similar  discrimination  can  be 
produced  by  adjustments  of  the  heat  of  the  filament,  which 
also  governs  the  amotmt  of  flux  through  the  gas. 


A' 


This  flux  is  generally  reduced  when  the  Audion  is  placed 
in  a  strong  magnetic  field,  especially  when  the  lines  of  force  pass 
through  the  gas  parallel  to  the  plane  of  the  wings,  at  right  angles 
to  the  electric  field.     By  this  means  also  a  tuning  can  be  effecte<i. 

Again  it  is  not  necessary  to  connect  the  anode  to  a  terminal 
of  the  oscillating  circuit.  One  terminal  may  be  attached  to  a 
metal  sheath  or  ring  surrounding  the  glass  vessel,  thus  forming 
a  condenser  with  the  filament  or  the  conducting  gas  within  the 
tube.  In  this  case  the  adjustment  of  the  syntonizer  is  gen- 
erally   different    from    that    required    for    the    same    oscilla- 
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tion  frequency,  when  the  interior  wing  is  directly  connected  in 
the  oscillation  circuit.  In  this  condenser  arrangement  also 
the  sound  heard  in  the  telephone  changes  its  quality  to  an  extra- 
ordinary degree,  being  of  a  dull  muffled  nature  rather  than 
sharp  and  staccato.  Signals  of  this  quaUty  are  sometimes 
much  more  readily  distinguished  from  the  **  static  *'  disturbances 
which  so  frequently  render  wireless  signals  difficult  to  read. 
The  operator  has  thus  a  ready  means  of  changing  the  quality 
of  the  received  signals  to  suit  the  conditions.  This  latter  type 
of  Audion  is  the  one  I  have  found  most  serviceable  in  practice. 
The  Audion  may  even  be  placed  in  the  space  between  two 
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plates  of  an  air  condenser  in  the  oscillating  circuit.  A  flat- 
walled  type  of  tube  is  preferred  for  this  arrangement.  Again 
the  electrical  oscillation  may  be  led  through  a  coil  of  wire 
wound  round  the  outside  of  the  tube  (Fig.  6) ,  and  not  through 
the  Audion  at  all,  or  through  a  flat  coil  brought  up  close  to  the 
tube,  with  its  axis  perpendicular  to  the  filament.  In  this  ar- 
rangement it  is  chiefly  the  electromagnetic  component  of  the 
passing  oscillation  which  affects  the  motion  of  the  ions  within 
the  vessel.  The  ions  are  readily  influenced  by  a  magnetic 
field. 

By  shifting  the  syntonizer  connections  from  the  wings  to 
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this  helix,  I  have  been  able  to  cut  out  completely  signals  from 
a  transmitting  station  so  near  as  to  baffle  all  attempts  with  the 
ordinary  tuner  methods,  and  to  bring  in  other  relatively  faint 
signals. 

The  Audion  has  the  further  advantage  of  entire  absence  of 
adjustment  in  the  receiver  itself.  It  gives  no  evidence  of 
fatigue  under  any  conditions  of  use.  Furthermore,  it  requires 
no  protection  from  the  violent  impulses  of  the  transmitter  at 
its  own  station,  whereas  the  sensitiveness  of  the  electrolytic 
receiver  is  completely  destroyed  by  one  such  violent  impulse, 
tmless  its  small  electrode  is  protected  by  a  shunting  switch. 

I  have  arrived  as  yet  at  no  completely  satisfactory  theory  as 
to  the  exact  means  by  which  the  high-frequency  oscillation^ 
afFect  so  markedly  the  behavior  of  an  ionized  gas.  Fleming 
points  out  that  when  the  cold  plate  of  the  Elster-Geitel  tube  is 
connected  to  the  positive  end  of  the  filament,  and  the  two 
put  in  a  high-frequency  oscillation  circuit,  only  the  positive 
half  of  the  oscillation  can  pass  from  the  plate  to  the  filament 
across  the  gas.  He  uses  this  principle  to  rectify  the  hertzian 
oscillations,  and  applies  the  unidirectional  currents  of  the  oscilla- 
tions themselves  to  operate  a  sensitive  galvanometer,  or  direct - 
current  instrument,  for  quantitative  measurements  over  short 
distances. 

When  an  independent  external  source  of  electromotive  force 
is  applied,  in  the  manner  I  have  described,  the  action  becomes 
quite  different.  It  then  operates  as  a  relay  to  the  hertzian 
energy  instead  of  merely  rectifying  this  energy  so  that  it  can  be 
used  directly  to  give  the  sense  signal. 

The  Audion  therefore  is  tremendously  more  sensitive  and 
available  in  practical  wireless.  A  sensitive  direct -current  instru- 
ment in  the  B  circuit  shows  a  steady  deflection  varying  not  a 
whit,  by  increase  or  decrease,  during  the  reception  of  strong 
**  wireless  **  signals.  An  electrolytic  receiver  or  **  polariphone  ** 
under  similar  conditions  would  cause  a  great  deviation  in  the 
deflection  -of  a  milliammeter,  although  the  signals  in  the  tele- 
phone with  the  electrol>nic  are  not  so  loud  as  with  the  Audion. 

I  have  connected  two  Audions  in  series  in  opposition  in  the 
oscillating  circuit,  each  with  its  separate  heating  circuit,  and 
still  heard  the  signals  in  the  telephone  connected  to  the  second 
Audion  equally  well  whether  the  wing  in  the  first  be  connected 
to  the  wing  or  to  the  filament  of  the  second. 

When  one  of  the  tubes  is  imUghted,  no  high-frequency  im- 
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pulses  pass  through  it  unless  the  wing  and  filament  are  very 
close  together.  When  cold  it  acts  merely  as  a  condenser  whose 
armatures  are  the  wings  and  filament  and  whose  capacity  is 
extremely  small. 

I  have  laid  considerable  stress  upon  the  potential  gradient 
or  **  variation  '*  layers  which  exist  near  the  surface  of  the  elec- 
trodes when  the  external  applied  electromotive  force  is  con- 
siderable, for  the  reason  that  their  existence  seems  to  play  a 
very  important  r61e  in  the  response  of  the  Audion  to  minute 
high-frequency  oscillations. 

If  the  velocity  of  negative  ions  is  very  large  compared  to  that 
of  the  positive  ions,  the  curve  representing  the  distribution  of 
electrical  intensity  between  the  twp  electrodes  is  represented  by 
the  following,  which  is  typical. 

When  ions  of  both  signs  are  present  in  the  gas  and  when  the 
electric  field  is  so  strong  that  most  of  the  positive  ions  are 
driven  from  the  anode  and  the  negative  ions  from  the  cathode 
(the  filament),  we  will  have  an  excess  of  cations  in  front  of  the 
anode  and  of  anions  surrounding  the  cathode.  It  is  seen  that 
the  variation  in  potential  Ues  chiefly  in  the  thin  layers  of  gas 
in  front  of  the  two  electrodes.  It  is  convenient  to  speak  of  these 
regions  as  the  *'  variation  **  layers. 

As  Thomson  points  out,  in  passing  from  the  inside  to  the  out- 
side of  the  layer  of  ionized  gas  we  have  to  pass  across  a  layer  of 
electricity.  This  will  produce  a  discontinuity  in  the  electrical  in- 
tensity equal  to  4  r  times  the  surface  density  of  the  electrification. 
There  may  thus  be  a  great  difference  between  the  electric 
intensity  inside  the  layer  and  that  just  outside.  The  potential 
drop  across  the  layer  is  proportional  to  the  square  of  the  current ; 
the  falls  of  potential  at  the  positive  and  negative  electrodes 
are  proportional  to  the  squares  of  velocities  of  the  positive 
and  negative  ions;  and  the  velocity  of  the  ions  is  proportional 
to  the  electric  force  acting  upon  them. 

These  variation  layers  at  the  electrodes  of  the  Audion 
are  analogous  to  those  in  the  cathode-ray  tube.  In  the 
cathode  tube  a  sudden  drop  in  potential  called  the  **  anode 
fall  of  potential  **  occurs  quite  close  to  the  anode;  and  in  the 
layer  called  the  Crookes  dark  space,  or  cathode  dark  space, 
there  is  a  still  greater  fall  in  negative  potential.  But  the 
voltages  here  are  enormously  higher  than  those  in  the 
Audion.  As  the  gas  pressure  in  the  cathode  tube  diminishes, 
the     dark     layer,     or    the    cathode     drop    layer,     becomes 
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broader.  D  «=  a  +  ^X;  that  is,  the  width  of  the  dark  space  is 
proportional  to  the  mean  free  path  of  the  molecules,  beyond  a 
certain  distance  a  in  front  of  the  cathode.  Schuster  foimd  that 
the  thickness  of  the  cathode  drop  layer  increased  sHghtly  with 
the  current  passing  through  the  gas;  but  Wehnelt  found  just 
the  reverse.     Both  may  be  correct  on  different  sides  of  some 
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particular  value  of  the  current  for  which  the  width  of  this 
space  is  a  minimum.  This  is  interesting  in  view  of  the  fact  that 
there  is  a  certain  current  flux  across  the  gas  of  the  Audion  for 
which  the  response  of  the  hertzian  oscillations  is  maximum; 
supposing  this  response  is  maximum  when  the  width  of  the  varia- 
tion layer  around  the  filament  is  minimum. 

Within   the   cathode   layer  there  exist   only  negative  ions, 
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these  being  shot  off  froiTx  the  cathode.  Right  outside  of  this, 
in  the  region  called  the  "cathode  glow/'  ionization  of  the  gas 
from  collisions  with  these  negative  ions  begins,  and  the  width 
of  the  cathode  dark  space  is  about  the  range  of  the  **  mean  free 
path  "  of  the  ions. 

If  a  similar  state  of  affairs  exists  around  the  filament  of  the 
Audion,  and  if  this  mean  free  path  of  the  cations  coincides 
with  the  excursion  of  the  corpuscles  during  one  half  the  oscilla- 
tion period  of  the  impressed  hertzian  vibration,  we  might 
Expect  under  these  conditions  a  maximum  effect  of  response  to 
oscillation  of  the  particular  wave-frequency.  Or  a  similar  effect 
might  be  expected  if  the  excursion  in  question  is  that  of  an  ion 
from  the  cathode  across  the  gas  up  to  the  layer  surrounding 
tlie  anode. 

The  extent  to  which  the  sensitivenessof  the  Audion  is  sometimes 
governed  by  a  very  slight  change  in  the  heating  current,  or  in  the 
potential  drop  across  it,  seems  to  lend  plausibility  to  such  an 
explanation.  And  it  has  been  shown  that  in  conducting  flames 
at  atmospheric  pressure  a  negative  ion  acting  under  a  potential 
gradient  of  10  volts  per  mm.  would  travel  approximately  1  mm., 
or  a  commonly  foimd  distance  between  the  electrodes  in  the 

Audion,  in  part  of  a  second,  which  time-interval  is  of 

l,UoU,OUU 

tic  order  of  one-half  the  wave  period  of  some  of  the  longer  os- 
cillations used  in  wireless  telegraphy.  For  reduced  gas  pres- 
sures the  natural  excursion  of  the  ion  would  be  more  rapidly 
accomplished,  but  its  velocity  can  be  governed  within  wide  lim- 
its by  regulating  the  applied  electromotive  force.  When  we 
send  more  current  through  the  filament  we  increase  the  potential 
difTcrence  between  filament  and  anode  as  well  as  increase  the 
heat.     Both  changes  act  to  increase  the  ionic  velocity. 

In  Humstedt's  experiments,  where  a  cathode-ray  tube  was 
exposed  to  high-frequency  oscillations,  the  width  of  the  cathode 
drop  layer,  or  dark  space,  diminished  as  the  frequency  of  the 
oscillations  increased;  as  if  there  might  be  some  connection 
between  the  period  and  the  time  involved  in  the  immigration 
across.  And  many  facts  observed  in  connection  with  the  Audion, 
otherwise  difhcult  to  explain,  tempt  one  to  suppose  that  here 
the  degree  of  response  is  connected  with  the  relation  between 
tlie  product  of  velocity  of  the  ions  by  the  distance  between  the 
electrodes,  and  the  period  or  half  period  of  the  electrical  oscilla- 
tions received. 
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When  the  anode  consists  of  two  parallel  plates  instead  of  a 
cylinder,  there  will  be  a  maximum  of  positive  electric  density 
along  their  vertical  edges.  The  more  intense  parts  of  the 
electric  field  will  involve  the  larger  number  of  ions,  and  on  the 
anode  these  will  generally  be  located  at  the  vertical  edges  of 
the  parallel  plates,  provided  these  are  not  too  far  from  the 
filament. 

With  this  t)rpe  of  anode  a  pecuhar  and  sudden  inflection  point 
in  the  current-flux  diagram,  as  the  heating  current  is  gradually 
increased  or  decreased,  is  noticed.  The  flux  goes  on  increasing, 
then  suddenly  drops  back  to  a  lesser  value;  at  the  same  time 
a  click  is  heard  in  the  telephone  in  the  B  circuit.     Then  as  the 
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heating  current  is  still  further  increased,  the  B  flux  is  again  in- 
creased. These  same  cusp-points  in  the  curve  arc  obtained  if 
the  .4  circuit  be  kept  constant  and  the  B  voltage  is  increased 
instead. 

Similarly  a  click  is  heard  when  the  flux  current  is  being  re- 
duced from  a  liiji^her  value,  only  the  location  of  the  cusp  on  the 
curv^e  of  decreasing  current  is  not  coincident  with  but  lags  behind 
that  observed  when  B  is  being  increased.  This  second  cusp- 
point  shows  a  sudden  increase  in  the  flux  current,  when  the 
critical  point  is  reached,  to  a  value  previously  passed  through. 
Naturally  the  sharpness  of  these  cusp-points  can  be  smoothed 
out  or  quite  obliterated  by  putting  impedance  in  the 
B  circuit  in  series  with  the  telephone. 
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The  diagram  (Fig.  8)  shows  the  relative  magnitude 
of  these  sudden  alterations  in  the  flux  current  obtained  with 
a  certain  sample  Audion,and  Fig.  9  the  decided  hysteresis  effect, 
showing  how  tlie  actual  B  current  lags  beliind  the  increasing  or 
decreasing  electric  field  which  produces  it.     This  hysteresis  effect 
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Is  very  like  that  obtained  when  the  molecular  structure  of  iron 
is  altered  under  a  changing  magnetic  field.  Doubtless  it  is 
licrc  due  to  a  reluctance  of  the  ions  to  accommodate  their  paths 
and  velocities  to  the  impelling  electric  forces.  The  area  in- 
cluded between  the  two  curves  represents  the  work  lost  in  ac- 
complishing tnis  conformation. 
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These  hysteresis  curves  are  always  obtained,  even  though  the 
anode  is  in  the  form  of  a  cyUnder  or  flattened  cyhnder  without 
the  vertical  edges;  but  the  reactive  cusp-points  in  the  curves 
are  never  obtained  save  with  the  plane  anodes. 

Zeleny*  has  found  a  similar  very  curious  hysteresis  effect  in 
the  currents  obtained  from  the  ions  from  a  platinum  wire  when 
heated  and  exposed  to  ultraviolet  hght.  When  the  metal  was 
cooHng,  these  currents  were  greater  than  those  for  tl:c  Ga:r.e 
temperature  when  the  metal  was  being  heated.  In  this  case, 
heating  the  wire  produces  some  change  in  its  surface,  possibly 
in  the  amoimt  of  gas  condensed  thereon  or  absorbed  by  it, 
from  which  it  recovers  very  slowly. 

As  B  voltage  is  increasing  and  A  current  is  increased  and  de- 
creased, I  find  that  the  points  at  which  the  cusps  occur  on  tl:e 
increase  and  decrease  A-B  curves  coincide  more  and  more  nearly, 
and  at  the  same  time  these  cusps  become  less  and  less  violent. 
The  hysteresis  effect  when  the  heating  current  is  increased  and 
decreased  is  less  pronounced  as  the  B  vollage  is  increased. 
As  shown  in  the  curves  for  a  large  B  flux,  the  two  A- Z?  curves 
for  increasing  and  decreasing  .4  current  coincide  almost  exactly 
until  B  flux  is  reduced  to  a  certain  amount.  They  may 
again  cross  each  other  at  a  lower  point  of  B  flux,  again  diverge, 
and  then  coincide  once  more  near  their  origin.  These  curves 
were  all  taken  with  Audions  of  the  double- wing  type,  which 
feature  may  account  for  some  of  the  very  peculiar  characteris- 
tics observed. 

The  filament  is  always  at  some  part  nearer  to  one  wing  than 
to  the  other.  Hence  the  ^  flux  is  ci. icily  concentrated  on  this 
wing  or  portion  of  wing,  like  a  beam  of  cathode  rays.  We 
may  suppose  that  as  tlic  B  voUage  is  increavSed,  as  when  more 
heating  current  is  passed  through  the  filament,  the  flux  is  in- 
creased and  spreads  out  over  this  wing  until  a  new  sheaf  or 
*'  ray  "  of  ions,  starting  off  from  the  filament  from  another  part 
or  in  a  new  direction,  suddenly  leaves  that  wing  and  takes  by 
preference  a  shorter  path  to  the  opposite  wing.  We  would 
suppose  that  a  new  path  thus  taken  would  first  l-)e  located  on 
one  of  the  vertical  edges  of  the  wings  parallel  to  the  filament. 

This  sudden  diminishing  of  the  intensity  or  density  of  the 
original  beam  of  ions  may  be  accomj)anied  by  a  decrease  in  the 
velocity  of  propagation  of  the  ions,  and  thus  the  resultant  flux 
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be  actually  less  than  before.     The  reverse  operation  will  occvir 
when  the  B  flux  is  being  decreased  from  a  high  value. 

When  the  anode  consists  of  one  wing  only,  no  such  reverse 
cusp-points,  or  reversals  of  the  flux  increment,  have  been  ob- 
tained. With  a  single-plane  anode,  however,  there  is  found  a 
point  at  which  the  flux,  if  increasing,  assumes  a  sudden  increase 
in  magnitude,  representing  an  abrupt  rise  in  the  otherwise 
smooth  flux-voltage  curve;  and  the  reverse  when  the  current 
flux  is  being  decreased. 

These  effects  seem  to  relate  to  the  increased  values  of  the 
positive  variation  layers  along  the  vertical  edges  of  the  anode 
which  parallel  the  filament.  The  distribution  of  the  charge 
upon  the  surface  of  the  plate  may  be  described  as  analogous 
to  that  of  a  thin  film  of  liquid  which  coalesces  and  is  heaped 
up  along  the  edges,  and  from  which,  when  the  liquid  is  by 
any  means  drawn  away,  there  is  a  sudden  recession;  the  liquid, 
on  account  of  the  surface  tension,  letting  go  or  taking  hold  of 
the  edge  all  at  once. 

It  is  significant  that  just  at  a  cusp-point  the  sensitiveness  of 
the  Audion  to  the  hertzian  oscillations  attains  a  marked  maxi- 
mum. Under  the  critical  conditions  then  obtaining,  the  sHght- 
est  change  in  the  applied  electromotive  force  is  accompanied 
by  relatively  great  changes  in  the  B  flux. 

In  framing  any  theory  of  the  action  of  electric  oscillations 
in  the  Audion  a  variety  of  complex,  contradictory  phenomena 
are  met  with,  exceedingly  puzzHng  to  explain.  An  example 
is  the  fact  that  a  continuous-current  instrument  in  either  the 
A  or  tlie  B  circuit  shows  absolutely  no  change  of  deflection, 
either  of  increase  or  decrease,  when  B  is  large  and  the  Audion 
in  its  most  sensitive  condition.  If  only  the  positive  halves  of 
the  oscillations  pass  from  anode  to  filament  these  should  increase 
the  reading  of  a  milliammeter  in  the  B  circuit  during  the  passage 
of  a  long:  series  of  wave-trains  of  sufficient  intensity.  Or  else 
the  nei^'ative  halves  of  these  oscillations  might  be  expected  to 
diminish  to  a  greater  degree  the  positive  charge  on  the  anode, 
and  result  in  a  diminution  of  the  B  circuit.  Or  if  both  of  these 
acted  ecjually  and  oppositely  no  signal  would  be  obtained  at 
cill,  for  the  telephone  diaphragm  is  utterly  incapable  of  fol- 
lowini^  such  rapid  increase  and  decrease  in  the  B  current,  even 
if  its  im])e(lance  would  allow  these  pulsations  to  pass  through 
the  circuit.  Neither  would  the  ear  detect  such  vibrations. 
If  on  the  other  hand  the  integrated  effect  of  |[a  complete 
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hertzian  wave-train  were  either  to  increase  or  decrease  the  B  flux, 
a  long  succession  of  such  effects,  all  of  which  must  be  of  the 
same  sign,  ought  to  cause  a  change  in  the  needle's  deflection, 
as  when  a  long  Morse  dash  is  sent  out  from  the  transmitting 
station.  We  have  no  reason  to  suppose  that  one  wave-train, 
the  result  of  one  spark,  would  produce  a  momentary  decrease 
in  the  B  flux,  indicated  by  a  cHck  in  the  telephone,  and  that 
the  next  succeeding  wave-train  from  the  next  spark  would 
cause  an  opposite  increase  in  the  B  flux,  and  another  similar 
click  in  the  telephone.  Such  action  would  of  course  explain 
why  a  loud  sound  in  the  telephone  might  not  be  accompanied 
by  any  change  in  the  sluggish  ammeter  reading,  similar  to  the 
case  of  the  magnetic  detector. 

The  following  explanation  of  the  phenomena  which  seems  to 
account  for  many  of  the  peculiarities  of  this  paradox  has  been 
suggested.  It  should  be  remembered  that  if  the  negative  half 
of  the  electric  oscillation  can  not  pass  through  the  gas  from  cold 
anode  to  the  filament,  the  Audion  electrodes  during  that  half- 
period  will  act  merely  as  the  two  armatures  of  a  condenser. 
Even  when  close  together,  their  mutual  capacity,  when  the  gas 
is  cold,  is  exceedingly  small,  and  only  a  very  small  positive 
charge  can  be  held  bound  on  the  filament;  or  if  there  are  suffi- 
cient free  positive  ions  in  the  hot  gap,  the  complementary  posi- 
tive charge  will  be  held  just  on  the  outside  of  the  '*  variation 
layer  "  at  the  anode. 

The  falls  of  potential  across  the  variation  layers  at  anode  and 
cathode  arc  proportonial  to  the  squares  of  tlie  velocities  of  the 
positive  and  negative  ions;  and  the  ionic  velocities  are  propor- 
tional to  the  electric  forces  acting  upon  them.  Supposing, 
then,  that  during  the  positive  half  of  the  electric  oscillations  the 
velocity  of  the  positive  ions  is  increased  at  the  anode  layer, 
and  during  the  otiier  half  period  the  velocity  of  the  negative 
ions  is  increased,  due  to  the  changes  in  the  electric  force  acting 
upon  them,  then,  rei^irdless  of  the  sign  of  the  change  of  the 
velocities,  the  potential  drop  across  the  variation  layers  (which 
varies  with  the  square  of  tl:ese  changes)  will  be  increased  during 
the  entire  passai^e  of  the  oscillation  train. 

The  layer  will  act  during  this  interval  like  a  condenser,  the 
potential  dro])  across  wliich  is  momentarily  increased,  which 
momentary  increase  will  disappear  wi:li  the  passage  of  the 
wave-train.  It  will  be  as  if  the  plates  of  a  charged  air 
condenser  were  suddenly  further  separated  and  then  brought 
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suddenly  back  to  their  normal  positions;  or  as  if  the 
specific  inductive  capacity  of  the  dielectric  were  decreased  and 
then  increased.  This  operation  being  repeated  for  every  spark 
at  the  transmitter,  a  listener  in  the  telephone  in  the  B  circuit 
will  hear  a  sound  whose  pitch  is  exactly  that  of  the  spark, 
while  a  milliammeter  in  that  circuit  will  show  no  variation  iik 
its  deflection. 

As  the  fall  of  potential  across  the  variation  layers  is  pro- 
portional to  the  square  of  the  current  passing,  and  to  that  of 
the  impelHng  electric  force,  it  is  readily  understood  how,  by 
regulating  the  heating  current  and  the  B  voltage,  an  optimum 
value  of  the  electrode  drop  may  be  obtained  for  which  the 
effect  from  any  given  received  impulses  will  be  a  maximum. 
Also,  how  by  varying  the  distance  between  the  electrodes  the 
sensitiveness  of  response  may  be  regulated. 

Thomson  states  that  the  current  between  two  plates  for  a 
given  difference  of  potential  varies  inversely  as  the  cube  of  the 
distance  between  the  plates,  up  to  the  saturation-current  stage. 
But  in  the  case  of  the  Audion,  where  the  cathode  is  an  incan- 
descent filament,  the  law  seems  to  be  quite  different.  Thus 
for  two  anodes  of  equal  area,  one  approximately  four  times  as 
far  from  the  filament  as  the  other,  the  two  currents  were  as 
21  to  8.     The  flux  here  varies  more  nearly  as  the  inverse  distance. 

The  potential  difference  required  to  produce  saturation  is 
proportional  to  the  square  of  the  distance  between  plates  and 
to  the  square  root  of  the  intensity  of  ionization.  Tliis  latter 
depends  on  the  temperature  of  the  filament. 

In  the  case  of  the  parallel  plates,  only  one  of  which  is  in- 
candescent, or  if  both  are  heated  but  below  yellow  heat  so 
that  only  ions  of  one  sign  (positive)  are  present  and  carrying 
the  current,  then  this  current  as  Thomson  shows  is, 

.  ^  9RV^ 

*   ~    32  TT  (? 

where  R  is  the  velocity  of  the  ion  under  unit  electric  force,  V 
the  potential  difference,  d  the  distance  between  the  two  plates. 
According  to  this  formula  the  current  varies  inversely  as  the 
cube  of  this  distance.  But  this  formula  will  hold  only  when  R 
is  independent  of  X,  which  it  will  not  be  when  the  temperature 
through  the  space  is  not  uniform.  It  holds  also  only  for  currents 
that  are  small  compared  with  their  saturation  values;  for  the 
saturation  currents  depend  not  upon  the  velocity  of  the  ions 
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but  upon  the  number  of  ions  produced  in  unit  time  at  the  surface 
of  the  hot  electrode. 

But  in  the  case  of  the  Audion  with  small  potentials,  the 
closer  the  electrodes  are  together  the  more  rapidly  will  the  B 
current  increase  as  the  potential  drop  is  increased.  The  tra- 
jectories of  the  ion  are  shorter  and  they  therefore  undergo 
fewer  collisions,  reunions,  and  retardations  when  the  electrodes 
are  close  together. 

In  an  Audion  where  the  anode  is  far  from  the  filament,  the 
saturation  current  is  not  attained  with  the  B  voltages  used 
in  practice.  We  sometimes  have  instead  its  inverse  counterpart, 
a  saturation  voltage,  so  to  speak.  As  shown  in  the  curve, 
at  potentials  from  10  to  18  volts  a  slight  potential  increment 
is  accompanied  by  a  very  large  increase  in  flux.  And 
within  these  limits  the  sensitiveness  of  electric  oscillations 
may  be  a  maximum.  The  cusp-points,  when  present,  are 
generally  found  near  these  points  of  inflection  in  the  flux- 
voltage  curves. 

In  some  cases  a  remarkable  lag  or  "  creeping  effect  *'  is  ob- 
served at  this  saturation  stage.  In  one  instance,  the  milli- 
ammeter  needle  crept  slowly  up,  after  B  was  raised  to  14 
cells,  from  18  to  26  divisions.  The  current  flux  required  some- 
thing like  15  seconds  in  this  instance  to  attain  its  full  value. 
The  filament  in  this  case  may  have  been  undergoing  some 
change  which  caused  it  slowly  to  discharge  more  and  more  cor- 
puscles until  that  stage  was  reached  where  the  recombination 
of  oppositely  charged  ions  in  the  gas  exactly  equalled  the  out- 
put of  negatively  charged  ones  from  the  incandescent  surface. 
Sometimes  this  creeping  is  Accompanied  by  a  loud  frying  sound 
in  the  telephone. 

Magnetic  Efffxts. 

Thomson  shows  that  at  low  gas  pressures  and  high  ionic 
velocities  the  ions,  when  placed  in  a  strong  magnetic  field,  will 
travel  along  the  lines  of  strong  magnetic  force;  but  when  the 
product  of  velocity  and  field  is  small  the  ion  moves  parallel  to 
the  electric  force.  If  both  magnetic  and  electric  forces  are 
uniform,  the  ions,  both  positive  and  negative,  will  move  in  the 
same  direction  and  perpendicular  to  both  E  and  H,  When  the 
electric  field  is  not  uniform  l:)ut  radiates  from  a  point,  and  the 
magnetic  field  is  uniform,  the  ion  will  describe  a  spiral  traced 
on  a  cone  of  revolution  whose  axis  is  parallel  to  the  magnetic 
field. 
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If  the  direction  of  E  and  H  coincide  the  path  of  the  ion  itself 
is  a  helix  of  gradually  increasing  pitch,  with  its  axis  parallel 
to  the  lines  of  magnetic  force.  The  radii  of  the  spirals  will  be 
small  compared  to  the  length  of  the  mean  free  path  of  the  ions. 
This  is  especially  true  for  the  negative  ions,  even  when  the 
motion  of  the  positive  ions  is  but  little  affected  by  the  magnetic 
field. 

When  the  lines  of  magnetic  force  are  perpendicular  to  the 
discharge  in  the  cathode-ray  tube,  the  magnetic  field  at  all 
pressures  retards  the  discharge  and  diminishes  to  a  considerable 
degree  the  great  drop  in  the  electric  force  which  occurs  in  the 
negative  glow. 

In  general,  it  can  be  assumed  that  in  a  strong  magnetic  field 
the  ions  tend  to  follow  the  lines  of  magnetic  force.  The  smaller 
the  velocity  of  projection  the  more  nearly  does  the  path  of  the 
ion  coincide  with  a  line  of  magnetic  force.  In  cathode-ray 
tubes  the  boundary  of  the  negative  flow  may  coincide  with  the 
lines  of  magnetic  force. 

In  the  case  of  the  Audion,  if  the  lines  of  a  strong  magnetic 
field  pass  through  the  gas  parallel  to  the  plane  of  the  anodes, 
a  marked  reduction  in  the  flux  is  obtained,  sometimes  amounting 
to  20  per  cent.  This  effect  is  greater  when  the  south  pole  of 
the  magnet  is  nearest  that  leg  of  the  filament  which  is  attached 
to  the  negative  terminal  of  battery  A.  The  negative  charge 
on  this  leg  is  of  course  greater  than  on  the  other,  for  the  nega- 
tive charge  on  the  other  is  the  resultant  of  the  negative  po- 
tential of  battery  B  and  the  positive  potential  of  battery  A. 
And  when  the  lines  of  magnetic  force  are  so  directed  as  to  tend 
to  sweep  some  of  the  negative  ions  off  from  the  parts  of  the 
anode  nearest  to  the  filament  leg  which  carries  the  greater 
negative  potential,  the  reduction  of  the  flux  across  the  gas 
will  be  the  greatest  possible.  Hence  the  magnetic  polarity 
observed. 

If  the  filament  extend  above  the  top  of  the  anode,  say  for 
0.5  cm.,  then  a  magnetic  field  parallel  to  the  filament  legs  may 
tend  to  force  certain  lost  ions  into  a  downward  trajectory  so 
that  they  will  strike  upon  the  anode  instead  of  passing  off^above 
it.  In  this  case  only  is  an  increase  in  the  B  flux  observed  as  a 
magnet  is  brought  up  to  the  Audion. 

In  general  the  flux  will  be  diminished  by  the  magnetic  field. 
When  the  magnetic  lines  pass  perpendicular  to  the  plane  of  the 
wings  the  negative  ions  which  are  traveling  in  the  direction  of 
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the  magnetic  force,  from  filament  to  wing,  will  be  accelerated, 
but  those  originally  traveling  out  from  the  filament  in  the 
opposite  direction  will  be  bent  around  or  deflected  from  their 
direct  paths;  so  the  resultant  will  be  a  decrease  of  the  total 
current  flux. 

When  the  field  is  intense,  a  marked  frying  or  hissing  soimd 
in  the  teleplione  is  heard,  especially  with  the  two-wing  anode, 
and  when  the  magnetic  force  is  parallel  to  their  plane  and  thus 
affects  mostly  the  ions  which  are  streaming  towards  their 
vertical  edges.  In  the  hissing  arc  parts  of  the  arc  are  in  rapid 
motion  in  the  unstable  portion  around  the  edges  of  the  positive 
terminal.  Possibly  also  the  presence  of  oxygen  in  the  gas  enters 
into  the  phenomena  here  as  it  does  in  those  of  the  hissing  arc. 
As  the  magnetic  field  lengthens  the  arc  so  here  it  lengthens 
the  paths  of  the  ionic  discharge. 

The  hissing  is  much  more  violent  when  the  surfaces  of  the 
anode  instead  of  being  plane  are  punched  full  of  little  holes 
whose  ragged  and  protruding  edges  offer  greatly  increased 
opportimity  for  the  ions  to  travel  irregularly  under  the  com- 
bined forces  of  the  magnetism  and  of  the  electric  charges  heaped 
up  at  all  such  points  and  edges.  In  this  particular  Audion,  I 
could  get  a  great  range  of  singing  or  squeaking  sounds  as  the 
heating  current  was  varied.  Where  the  velocity  of  the  ions  is 
a  maximum  their  deflections  by  the  magnetic  field  will  be 
lessened. 

If  the  B  flux  is  too  great  to  give  maximum  sensitiveness  of 
response,  bringing  up  a  magnet  to  the  Audion  will  increase  the 
strength  of  the  wireless  signals,  because  of  the  reduction  of  the 
B  flux.  Or  if  this  flux  be  already  below  the  optimum,  then  the 
presence  of  the  magnet  may  decrease  the  sensitiveness.  This 
effect  may  be  more  pronounced  for  one  wave-frequency  than 
another,  in  which  case  the  Audion  can  be  attuned  by  regulating 
the  magnetic  field  to  which  it  is  subjected. 

Consider  tlie  case  where  the  electric  oscillations  instead  of 
being  introduced  into  the  Audion  through  its  interior  anode  are 
brouglit  up  to  a  metal  plate  outside  a  vessel.  Electric  displace- 
ment currents  instead  of  conduction  currents  must  then  act 
upon  the  ions  within  the  vessel  and  on  the  charges  upon  the 
electrodes. 

Now  in  the  case  of  an  electromagnetic  wave,  where  H  and  E 
are  perpendicular  to  each  other  and  to  the  direction  of  propa- 
gation, Thomson  shows  that  if  the  product  of  HXe  is  large 
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(e  being  the  electric  charge  on  a  carrier)  the  average  velocity 
of  the  ion  parallel  to  the  direction  of  E  is  zero,  and  the  wave 
will  carry  the  ion  along  with  it.  When  however  HXe  is  small 
(no  external  magnetic  field)  the  effect  of  the  hertzian  wave  will 
be  to  superimpose  on  the  undisturbed  motion  of  the  ion  a  small 
vibratory  motion  parallel  to  the  electric  force  in  the  wave,  and 
thus  perpendicular  to  its  direction  of  propagation. 

A  very  convenient  form  of  Audion  for  investigating  the  re- 
lations which  the  distance,  area,  etc.,  of  the  electrodes  bear  to 
its  response  is  had  by  using  a  pool  of  mercury  for  the  anode. 
This  is  conveniently  held  in  one  or  more  pockets  blown  in  the 
walls  of  the  glass  vessel,  and  the  filament  so  placed  as  to  pass 
closer  to  some  than  to  others. 

Quite  frequently  I  obtain  with  this  arrangement  two  maxima 
of  sensitiveness  to  the  same  transmitter,  the  filament -heating 
current  remaining  unchanged;  thus  one  maximum  for  J5  =  12 
volts,  and  a  second  for  B  =  IS  volts.  Again  the  sensitiveness 
is  maximum  when  the  mercury  surface  is  as  near  as  possible 
to  the  filament.  When  a  globule  has  rolled  out  of  -its  pocket, 
exposing  a  new  surface  for  the  anode,  sometimes  half  a  second 
elapses  before  the  sensitiveness  is  again  restored.  This  form 
of  mercury  tube  is  especially  sensitive  to  the  influence  of  a 
magnetic  field. 

The  optimum  or  critical  voltage  of  B  becomes  less  after  this 
Audion  has  been  heated  a  little  time,  as  though  the  heated 
mercury  vapor  began  to  act  to  increase  the  conductivity  of 
the  gas.  This  critical  voltage  keeps  reducing  as  the  vaporiza- 
tion proceeds,  and  with  a  sudden  jar  on  the  tube  I  can  bring  this 
down,  one  cell  of  J5  at  a  time,  accompanied  by  a  loud  click  in 
the  telephone  at  each  reduction.  Sometimes  a  similar  reduction 
of  the  B  flux,  amounting  to  as  much  as  25%,  can  be  obtained 
with  the  double  platinum  wing  type  of  Audion,  by  striking  it 
smartly ;  or  a  sudden  increase  in  the  flux  may  be  obtained. 

The  heating  current  when  a  large  anode  surface  is  used  is 
less  than  that  required  to  produce  the  same  degree  of  sensitive- 
ness with  a  small  pool  of  mercury  as  anode.  In  general,  the  flux 
is  quite  proportional  to  the  area  of  the  anode,  other  conditions 
remaining  unchanged.  A  mercury  arc  also  may  be  substituted 
for  the  filament,  but  such  an  arrangement  is  apt  to  be  noisy  in 
the  telephone. 

When  the  hertzian  oscillations  arc  passed  through  the  filament 
instead  of  through  the  gas  they  require  to  be  of  great  intensity 
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to  give  any  response  whatever.  Any  results  from  the  added 
heating  effect  which  they  may  contribute  to  the  filament  are 
quite  insignificant.  The  response  when  Audions  are  con- 
nected in  parallel,  or  series,  is  always  less  than  for  one  used 
alone. 

In  a  tube  whose  two-plane  anodes  are  fitted  on  hinges  and 
backed  with  small  iron  disks  so  that  their  distances  from  the 
filament  can  be  regulated  by  an  external  magnet,  I  find 
the  response  to  a  long  wave-length  greatest  when  this  distance 
is  the  greatest  possible;  while  to  a  wave-length  of  about  one 
half  this  the  response  is  decidedly  better  when  the  wings  are 
nearer  to  the  filament.  Of  course  the  B  flux  is  greater  in  this 
latter  case,  other  conditions  being  unchanged;  but  the  selective 
quality  in  this  tube  just  descri])ed  seems  to  be  due  to  the  regu- 
lations of  the  distance  between  anode  and  cathode  rather  than 
to  other  factors. 

The  manner  in  which  the  Audion  should  be  located  in  the 
oscillating  circuit,  as  well  as  many  other  considerations,  shows 
conclusively  that  it  is  a  **  potential-operated  "  rather  than  a 
**  current-operated  '*  relay  receiver.  At  the  same  time  its  ad- 
vantageous sluggishness  of  action,  as  explained  above,  renders 
it  additive  in  its  response  to  the  energy  of  an  entire  wave-train 
or  even  of  a  series  of  wave-trains.  Hence  its  excellent  and 
marked  selective  qualities. 

A  large  number  of  experiments  have  been  carried  out  with 
a  view  to  reducing  the  filament  heat  necessary  to  give  the  en- 
closed type  of  the  Audion  the  extreme  sensitiveness  which  now 
characterizes  it.  This  is  now  attained  at  normal  brilliancy  of 
the  filament,  or  a  little  below;  never  at  excessive  heats.  Thus 
the  hfe  of  an  Audion  should  be  that  of  an  incandescent  lamp  of 
the  same  class  of  filament  and  voltage. 

Filaments  have  been  coated  with  alkali  metals  or  salts,  or 
vapors  of  these  introduced  into  the  tubes.  Experiments  along 
these  Unes  and  with  various  dissociable  gases  are  being  pushed 
with  gratifying  promise  of  our  soon  being  able  to  achieve  the 
present  marked  sensitiveness  even  at  red  heats,  or  of  still 
further  multiplying  the  sensitiveness. 

Radioactive  compounds,  applied  for  example  between  juxta- 
posed metal  disks  and  heated,  give  little  encouragement.  At 
the  low  voltages  used  no  increase  of  conductivity  by  their  means 
has  been  observed,  although  Swinton  has  found  that  a  radium- 
coated  cathode  in  a  cathode-ray  tube  has  a  marked  action  in 
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facilitating  a  Ituninous  cathodic  discharge,  when  the  cathode 
is  heated  to  redness.  The  mere  presence  of  radium  salt  in  the 
tube  is  insufficient  to  produce  the  effect. 

Spontaneous  ionization;  that  is,  the  ionization  independent 
of  the  electric  field,  as  for  example  that  produced  by  the  X-rays, 
does  not  increase  the  current  flux.  Only  the  ions  produced  by 
the  electric  field  itself  close  to  the  cathode,  and  by  the  heat  of 
the  cathode,  is  effective. 

It  is  required  that  the  Audion  be  made  with  scrupulous  care; 
a  trace  of  impurity  in  the  gas  may  produce  surprisingly  large 
effects  in  the  potential  drop  across  the  variation  layers  The 
presence  of  a  mere  trace  of  moisture  may  cause  great  difference 
in  the  behavior  of  a  tube. 

In  all  this  work  a  bewildering  host  of  new  and  puzzHng  phe- 
nomena is  continually  encountered.  By  its  nature  clean  and 
pretty,  fascinating  in  its  ever  new  phases,  gratifying  in  the 
efficiency  with  which  it  responds  to  the  difficult  demands  of  a 
new  and  intricate  art,  the  Audion  combines  infinitely  delicate 
matter  and  forces,  at  once  offering  rich  fields  for  study  to  the 
physicist  and  delight  to  the  practical  man. 
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Discussion  on  "TheAudion;A  New  Receiver  for  Wire- 
less Telegraphy,**  New  York,  October  26,  1906. 

Michael  I.  Pupin:  I  have  had  some  experience  in  the  con- 
structing of  detectors  of  electrical  waves,  I  always  call  them  de- 
tectors, because,  as  a  friend  of  mine  said  the  other  day,  there 
are  so  many  various  detectors  now  that  one  is  tempted  to  believe 
that  anything  will  do  to  detect  an  electrical  wave.  In  the  course 
of  the  development  of  the  art  of  telephony,  any  schoolboy  could 
make  a  telephone  that  would  receive  electrical  impulses;  so  in 
wireless  telegraph  work,  the  ntunber  of  detectors  seems  to  be  in- 
creasing: indefinitely — good,  bad,  and  indifferent  detectors  appear- 
ing indiscriminately.  If  there  must  be  a  new  name  for  each  new 
detector — a,  new  name  for  everything  that  comes  up  in  the  course 
of  the  development  of  the  electrical  art — ^pretty  soon  the  science 
of  electrotechnics  will  be  a  maze  of  new  names;  and  the  learning 
of  the  names  will  be  much  more  difficult  than  the  learning  of  the 
facts  connected  with  the  art.  For  that  reason  I  am  opposed  to 
new  names.  Although  Dr.  De  Forest  is  very  enthusiastic  about  the 
elegance  of  the  name  audion,  I  must  say  that  I  am  not  very  much 
impressed  by  it.  It  is  a  mongrel.  It  is  a  Latin  word  with  a 
Greek  ending.  If  he  had  said  acouion  or  acousticon  it  might 
have  been  better,  but  more  difficult  to  pronounce. 

This  is  certainly  a  new  wave  detector  used  in  actual  wireless 
telegraphy.  The  physics  of  the  thing  is  old.  It  was  Hittorf, 
who,  over  fifty  years  ago,  in  1850,  I  believe,  discovered  that 
in  a  vacuum  tube  in  which  even  very  high  electric  tensions  would 
produce  no  perceptible  discharge,  the  heating  of  the  cathode 
facilitated  the  passage  of  electricity  to  such  an  extent  that  a 
small  electromotive  force,  a  few  volts,  would  produce  perceptible 
current.  I  think  that  was  the  first  observation  of  the  kind. 
After  that  the  number  of  men  who  engaged  in  this  branch  of  fas- 
cinating research  became  legion.  The  literature  of  the  subject 
is  well  given  in  J.  J.  Thomson's  book  on  *' Discharge  of 
Electricity  through  Gases.  "  I  am  much  interested  in  the  sub- 
ject, because  one  of  my  colleagues.  Professor  Tufts,  has  made 
some  interesting  investigations  in  that  field,  particularly  in 
regard  to  the  passage  of  electricity  through  hot  gases  con- 
taining a  spray  of  salts  at  ordinary  pressures.  Dr.  De  Forest 
devotes  some  attention  to  this  subject  in  the  first  part  of  his 
paper;  but  for  reasons  which  are  evident  from  the  paper, 
he  abandons  this  form  of,  I  wont  say  audion,  but  wave  de- 
tector. He  abandons  it,  because  it  is  variable,  and  resorts 
to  the  vacuum  tube  detector  described  in  the  paper.  I  think 
that  is  a  clever  step  indeed,  because  one  can  see  at  a  glance  that 
this  wave  phenomenon  which  he  first  observed  in  connection 
with  the  passage  of  electricity  through  a  hot  gas  at  ordinary  pres- 
sures, through  flames  of  arc  lamps,  etc.,  might  exist  also  in  vac- 
uum tubes,  and  that  one  would  expect  here  a  very  much  greater 
steadiness  and  reliability ,  and  that,  of  course,  is  one  of  the  highest 
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desiderata  in  any  technical  work,  particularly  in  wireless  tele- 
graphy.    In  this  Dr.  De  Forest  seems  to  have  been  successful. 

I  should  have  been  very  glad  if  Dr.  De  Forest  had  given  a  brief 
historical  account  of  the  subject,  and  then  a  brief  statement  of  the 
physical  theory  of  the  whole  matter  underlying  his  invention.  I 
think  the  paper  would  have  been  very  much  more  easily  under- 
stood by  those  who  are  not  well  acquainted  with  this  part  of  the 
electrical  science.  I  think  wx  all  feel  that  the  matter  is  somewhat 
outside  of  our  ordinary  lines  of  work;  it  is  a  new  subject,  a 
subject  that  has  been  so  far  mostly  in  the  hands  of  physicists 
and  not  electrical  engineers.  I  hope  that  Dr.  De  Forest  will,  in 
the  final  publication  of  this  paper,  contribute  a  brief  history  and 
a  brief  statement  of  the  physical  theory  of  the  subject  for  the 
benefit  of  the  members  of  the  American  Institute  of  Electrical 
Engineers.  As  Dr.  De  Forest  states  frankly,  it  is  difficult  to  ex- 
plain the  phenomena  that  one  meets  with  when  one  tries  to  make 
a  wave  detector  from  a  vacuum  tube  with  a  hot  electrode. 

What  we  have  there  is  the  hot  electrode  from  which  negative 
ions  recede,  and  then  we  have  the  cooler  plate,  which  is  negative 
with  respect  to  the  hot  electrode.  When  external  electrical 
tension  is  applied  to  these  electrodes,  we  have  a  considerable 
leakage  current.  We  call  it  a  leakage  current  for  want  of  a 
better  name;  it  is  an  electrical  current.  This  electrical  cur- 
rent is  steady,  according  to  Dr.  De  Forest,  and  this,  in  fact, 
is  the  most  remarkable  point  in  his  paper,  it  is  steady  under 
all  conditions,  no  matter  whether  electrical  waves  strike  the 
oscillating  circuit  of  which  the  tube  is  a  part,  or  not.  It  is 
steady  as  far  as  a  milliammeter  can  tell.  It  is  not  steady  as  far 
as  the  telephone  can  tell.  Now,  if  the  effect  of  the  hertzian  waves 
is  to  produce  a  unidirectional  current,  or  rather  if  the  effect  of 
the  wave  is  to  rectify  the  hertzian  waves — to  let  either  the  posi- 
tive or  negative  parts  of  the  wave  pass  through  unhindered — 
why  should  we  not  be  expected  to  perceive  this  in  the  milliam- 
meter? We  do  not  perceive  it,  and  therefore  we  cannot  suppose 
that  these  waves  are  rectified.  The  only  other  thing  we  can  guess 
as  probably  happening  is  that  the  oscillation  passes  through  the 
whole  circuit;  but  on  account  of  some  effect  upon  the  gaseous 
part  of  the  circuit — the  resistance  or  the  diminution  or  increase 
of  some  of  the  other  reactions — the  original  current  is  strength- 
ened very  much  at  certain  intervals  during  one-half  of  the  waves. 
and  weakened  during  the  other  half,  or  strengthened  during  each 
side  of  the  wave.  This,  as  Dr.  De  Forest  points  out,  is  also  im- 
jH)Ssible  to  bcUeve,  because  the  oscillations  being  so  rapid,  could 
not  very  well  ])ass  through  the  winding  of  the  telephone  in  the 
first  place,  and  in  the  second  place  could  not  be  expected  to  pro- 
(hue  a  large  magnetic  effect  upon  the  diaphragm;  because 
mai^netization  and  demagnetization  of  the  permanent  magnet 
in  the  telephone  would  not  follow  these  rapid  electrical  os- 
cillations. That  seems  to  me  to  be  one  of  the  most  difficult 
I)oints    to    understand    in    the    i)aper.     That    is    the    stumbling 
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block  in  our  understanding  the  modns  operandi  of  the  whole 
thing.  Why  does  it  operate?  I  have  no  explanation  to  offer. 
It  would  be  presumptuous  on  my  part  to  offer  one,  even  if  I  had 
one  to  offer.  If  Dr.  De  Forest  cannot  explain  it,  I  certainly 
cannot.  But  I  have  one  suggestion  to  offer,  and  here  it  is: 
for  quite  a  ntimber  of  years,  I  have  employed  a  telephone  for 
detecting  faint  sounds,  faint  differences  of  potential,  and  faint  cur- 
rents. I  find  that  the  telephone  is  one  of  the  most  tricky  instru- 
ments one  can  use.  It  will  lead  one  to  draw  dangerous  conclusions. 
The  most  misleading  point  in  the  detection  of  faint  electromotive 
forces  by  the  telephone  is  to  distinguish  between  electromag- 
netic effects  and  electrostatic  effects.  The  sensitiveness  of  the 
telephone  has  been  estimated  variously  from  10""  to  10^® 
amperes.  Now  that  is  a  very  high  degree  of  sensitiveness. 
It  would  be  if  it  were  correct.  It  is  not  correct.  The  telephone 
is  not  so  sensitive  as  that,  and  I  believe  that  those  who  made 
these  determinations  did  not  measure  the  right  thing.  If  they 
had  measured  the  current  when  they  were  determining  the 
sensitiveness  of  the  instrument,  they  would  have  found  that 
the  thing  measured  was  not  the  current  passing  through  the 
telephone  coils,  but  in  all  probability  the  current  which  went 
through  the  body,  all  along  the  floor — the  leakage  current — 
which  affected  the  magnetic  force  in  the  telephone  which  pro- 
duced the  sound.  I  have  been  misled  that  way  quite  a  number  of 
times.  Whenever  I  see  any  one  using  the  telephone  in  making 
observations  I  always  look  askance,  and  ask  myself:  has  not 
this  man  been  deceived  in  his  calculations?  I  do  not  want  to  imply 
that  Dr.  De  Forest  niipjht  have  been  deceived  in  his  measure- 
ments; I  only  want  to  say  that  when  it  is  said  the  sound  is  heard, 
the  question  arises  in  my  mind  what  produced  that  sound  -  is 
it  the  variation  of  the  current  which  goes  through  the  winding 
of  the  telephone,  or  is  it  the  variation  simply  of  the  potential  in 
the  whole  room,  in  his  body,  and  in  the  windings  of  the  telephone? 

Percy  H.  Thomas:  Apparently  we  have  come  across  another 
example  of  apparatus  illustrating  the  new  theory  in  electrical 
science,  an  apparatus  depending  for  its  operation  on  the  activity 
of  corpuscles  or  ions.  The  audion  probably  will  not  introduce 
any  fundamentally  new  principles  when  its  operation  is  fully 
explained.  The  thing  that  interests  us  particularly  at  the  present 
time  is  what  is  the  nature  of  the  ions  and  corpuscles.  On  this, 
scientists  are  not  a^^reed,  but  there  are  a  good  many  charac- 
teristics that  are  commonly  accepted  which  will  assist  greatly 
in  understanding  such  types  of  apparatus  as  the  audion. 

We  may  consider  that  electricity  is  either  **cor|>uscles  *'  or  is 
connected  directly  with  corpuscles.  By  corpuscles,  or  '^electrons'* 
as  they  are  sometimes  called,  I  mean  those  very  small  particles, 
approximately  the  1-1000  part  of  hydrogen  atoms  with  which 
we  are  all  familiar.  These  corpuscles,  then,  when  at  rest,  are 
static  electricity,  and  as  such  are  attracted  by  an  electrostatic 
or*'  static"  charge ;  that  is,  are  sensitive  to  an  electrostatic  field  but 
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arc  not  alTected  by  electromagnetic  influences.  WHieii,  howevef, 
these  corpuscles  or  particles  are  moved  rapidly  (and  they  move 
extremely  rapidly,  anywhere  from  comparatively  slow  velocities 
to  nearly  the  velocity  of  light)  they  are  the  equivalent  of  electrical 
currents,  and  as  such  are  subject  to  the  influence  of  magnets, 
and  themselves  produce  magnetism. 

These  corpuscles,  figuratively  speaking,  may  be  looked  upon 
as  comets,  or  planets,  or  suns  in  space,  for  when  they  are  free 
in  a  vacuum  they  move  about  under  the  influence  of  the  various 
forces,  electrostatic  or  electromagnetic,  as  may  act  on  them. 
either  in  straight  lines  or  cur\'ed  lines,  as  the  resultant  force  may 
require;  when  distributed  through  space  filled  with  air  or  other 
g:iscs,  their  free  movements  are  impeded  and  they  bump  against 
one  another  and  come  in  contact  with  the  molecules  of  the  gases, 
and  consequently  arc  unable  to  go  steadily  in  the  direction  in 
which  they  may  be  attracted ;  and  further,  they  often  attach  them- 
selves to  some  atom  or  molecule  or  aggregate  of  molecules 
which  again  limits  their  motion. 

As  Dr.  Pupin  has  stated,  where  you  expect  to  utilize  the 
motion  of  cori^)uscles,  there  is  usually  a  great  advantage  in 
putting  the  apparatus  in  a  vacuum.  Like  sodium  or  chlorine 
and  many  other  materials  corpuscles  do  not  ordinarily 
exist  in  a  free  state.  They  are  usually  r-losely  a.ssociated 
with  molecules,  in  which  condition  they  do  not  manifest  their 
characteristic  qualities.  If  you  want  to  use  them  you  must 
separate  or  isolate  them.  There  are  many  ways  of  freeing  them 
from  matter.  Corpuscles  are  frequently  separated  from 
ail  or  other  gases  as,  for  example,  by  radiations  from  X-ray 
tubes;  the  waves  that  come  from  the  X-ray  tube,  or  the  Crookes 
tube,  by  some  mysterious  process  set  free  corpuscles  from  the 
gas  molecules;  or  as  stated  in  the  paper  the  operation  may  be  ac- 
com])lished  by  letting  ultraviolet  Hght  fall  on  certain  metals.  Cor- 
puscles can  be  produced  by  the  arc  or  a  flame,  as  in  the  original 
audion,  and  in  many  other  ways.  They  can  be  separated  from 
solids  and  liquids,  as  in  the  Cooper  Hewitt  lamp,  where  they 
arc  produced  in  great  quantities,  in  all  probability  from  the  elec- 
trodes themselves.  The  various  starting  methods  used  in  Cooper 
Hewitt  apparatus  serve  in  different  ways  to  initiate  a  freeing  of 
corpuscles.  This  process  is  much  easier  to  continue  than  to 
start.  There  are  a  number  of  well-known  types  of  apparatus 
which  are  illustrations  of  the  action  of  corpuscles. 

iMrst,  the  Geissler  tube,  in  which  by  a  strong  electrostatic  force, 
(that  is  by  a  high  potential)  corpuscles  are  either  detached  from 
the  electrodes  or  separated  from  the  residual  gas  which  is  pur- 
posely left  in  the  tube  so  that  there  is  an  agitation  of  the  gas 
atoms  in  the  vapor  space  which  causes  them  to  emit  light.  Atoms 
of  different  substances  give  different  colors  of  Hght. 

Secondly,  the  Crookes  tube,  in  which  practically  the  same  phe- 
nomenon exists,  except  that  the  residual  gases  are  extracted  so 
that  the  corpuscles  though  forcibly  driven  through  the  tube  as 
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before,  give  no  light.  They  meet  no  obstruction  and  produce 
no  visible  effect,  unless  there  is  some  fluorescent  matter  in  the 
tube  upon  which  they  may  impinge  and  cause  it  to  give  light. 
.  Thirdly,  Crookes  tubes  may  be  used  for  the  purpose  of  getting 
waves,  electromagnetic  waves  of  some  form  or  other,  as  in  case  of 
the  common  X-ray  tube.  Here  the  useful  waves  are  produced 
by  the  impact  of  the  corpuscles  on  an  electrode  of  some  sort. 

Fourthly,  the  ordinary  electric  arc  is  presumably  the  forcing 
of  a  large  number  of  these  corpuscles  from  (;ne  electrode  to  another 
having  them  come  in  sufficient  force  and  numbers  to  crowd  back 
the  atmospheric  pressure  and  keep  the  gas  molecules  to  one  side. 
A  large  number  naturally  escape  to  the  surrounding  air,  which 
is  then  said  to  be  ionized. 

Fifthly,  the  Moore  vacuum  tube  which  is  in  many  ways  simi- 
lar to  the  Geissler  tube. 

Sixthly,  the  Cooper  Hewitt  mercury  vapor  apparatus,  since  it 
passes  current  through  a  vacuum  must, according  to  this  theory, 
be  also  a  corpuscle  operated  device.  Here  there  is  a  drawing 
of  a  large  number  of  corpuscles  from  the  negative  electrode  which 
in  the  case  of  the  lamp  excites  the  vapor  in  the  tube,  so  that  it 
will  give  light  of  its  characteristic  color.  In  the  Cooper  Hewitt 
type  of  apparatus  there  is  this  difference,  however — that  by 
virtue  of  the  perfect  vacuum  and  the  large  quantity  of 
current  or  corpuscles,  very  little  electromotive  force  is  required 
to  force  them  from  the  electrode;  and  there  are  other  important 
differences.  In  the  Crookes  tube  where  the  number  of  corpuscles 
in  motion  is  very  much  smaller,  a  great  deal  of  electrostatic  force 
is  necessary  to  separate  them  from  the  solid  electrode. 

Now  in  the  audion  we  have  a  means  of  producing  corpuscles, 
and  we  have  a  vacuum  which  allows  more  or  less  freedom  of  move- 
ment. We  have  a  further  means  of  controlling  and  directing 
these  ions,  that  is,  the  additional  battery  electromotive  force 
called  B.  The  operation  of  the  device  depends  upon  the  effect 
of  the  waves  which  come  in  on  the  transmission  circuit  which, 
in  some  way  or  other  we  do  not  now  understand,  so  affect 
the  action  of  the  corpuscles  which  have  previously  been  separated 
as  to  make  a  sound  in  the  telephone. 

I  have  spoken  of  corpuscles  in  connection  with  the  audion  as 
though  they  alone  were  the  important  factor  while  the  paper 
speaks  of  ions.  An  ion  is  generally  taken  to  be  an  atom  to  which 
is  attached  a  corpuscle,  or  from  which  a  corpuscle  has  been  ab- 
stracted, and  the  determination  as  to  whether  the  corpuscle  acts 
entirely  free  of   the  atom  is  not  finally  settled. 

The  explanation  which  is  suggested  for  the  curious  relay  action 
of  the  audion,  that  it  depcnrls  upon  a  virtual  changeof  dielectric 
capacity  in  the  vacuum  space,  is  certainly  an  ingenious  one  and 
might  tuni  out  to  be  the  correct  one.  There  is  one  question  I 
would  like  to  ask  Dr.  I)e  Forest.  Do  I  understand  that  he  pre- 
sumes the  action  depends  on  the  ionization  of  residual  gases  within 
the  vacuum,  or  is  the  vacuum  so  perfect  that  the  ions  or  elec- 
trons come  from  the  electrodes  themselves .^^ 
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Lee  De  Forest:  I  think  it  is  due  to  the  ionization  of  the  resi- 
dual gases;  the  gases  still  exist  in  the  lamp,  because  the  vacuum 
is  only  that  which  obtains  in  all  incandescent  lamps. 

Sewall  Cabot:  Dr.  De  Forest  says:  *'  The  audion  to  a  greater 
extent  than  any  other  responder  is  self-tuned.  "  Does  this  con- 
dition of  self-tuning  refer  to  change  in  the  electrostatic  capacity 
of  the  audion,  thus  altering  the  oscillation  pitch  to  which  the 
closed  circuit  having  capacity  and  inductance  is  resonant?  Or 
does  it  simply  refer  to  tuning  to  the  spark  frequency  on  the 
assumption  that  with  certain  adjustments  the  audion  will  become 
most  strongly  responsive  to  a  definite  frequency  of  spark  which 
is  within  the  audible  range  of  frequencies? 

Lee  De  Forest:  Both  effects  are  really  present.  Where  the 
tuning  of  the  audion  is  regulated  by  changing  the  distance 
between  the  two  electrodes,  as  in  the  last  case  described,  where 
the  two  wings  are  hinged,  and  drawn  to  or  taken  from  the 
filament  by  a  magnet,  we  have  there  the  change  of  capacity.  In 
the  other  case,  where  the  distance  between  these  and  the  heating 
current  or  the  filament  remains  unchanged,  we  merely  vary 
the  potential  across  the  gap.  It  is  rather  difficult  to  explain  this 
tuning  effect  on  the  ground  of  merely  changing  the  capacity. 
This  may  be  varied  by  the  variation  of  potential  difference  but. 
as  I  have  said,  even  though  the  wave  frequencies  of  the  two 
transmitters  are  as  nearly  the  same  as  it  is  possible  to  make 
them,  one  spark  frequency  being  125  per  second  and  the  other 
60  per  second,  the  change  of  the  battery  B  from  12  to  14  volts 
makes  a  great  difference  between  the  response  of  the  audion  to 
A  or  B.  I  think  this  selectivity  is  due  rather  to  the  integrat- 
ing effect  of  the  energy  received  during  a  brief  unit  of  time.  I 
won't  attempt  at  this  time  to  enter  into  a  greater  explanation 
than  that.     I  think  both  effects  are  present. 

Sewall  Cabot:  Is  it  true  that  the  capacity  of  the  audion  can 
be  changed  through  relatively  large  values  so  as  to  produce  a 
considerable  change  of  resonant  frequency  in  a  closed  circuit 
when  it  is  across  the  condenser?  Thus  connected,  the  capacity 
of  the  audion  would  presumably  be  very  small  with  regard  to  the 
capacity  used  to  bring  the  closed  resonant  circuit  to  the  point 
of  resonance  if  sharp  tuning  is  obtained. 

Lee  De  Forest:  Yes;  the  capacity  of  the  audion  measured  in 
that  way  is  very  small ;  a  very  small  condenser  put  in  shunt  across 
it  silences  the  response.  Presumably,  then,  a  considerable  separa- 
tion of  the  wings  will  not  relatively  change  the  tuning  of  the 
closed  resonant  circuit.  The  principal  effect  in  timing  is  with 
regard  to  the  spark  frequency. 

J.  B.  Taylor:  While  I  do  not  consider  myself  an  expert  on 
wireless  telegraphy,  it  happens  that  I  have  made  experiments 
on  apparatus  similar  to  that  under  discussion.  I  have  operated 
a  mercury-arc,  with  a  single  cathode  and  two  anodes,  from  a 
storage-battery.  The  number  of  cells  was  no  more  than  suffi- 
cient to  maintain  the  arc,  so  that  it  was  in  a  somewhat  sensitive 
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condition.  In  another  part  of  the  room  was  a  25,000-volt  step- 
up  transformer,  and  it  was  noted,  after  a  spark  from  the  trans- 
former, that  the  mercury-arc  had  gone  out.  This  was  at  first 
supposed  to  be  only  a  coincidence;  but  the  experiment  was  re- 
peated a  number  of  times  with  the  same  result,  the  arc  going 
out  immediately  on  the  striking  of  the  high-tension  spark. 
Plainly,  we  had  an  arc  detector  for  wireless  signals  similar  to 
the  audion.  A  note  was  made  of  the  matter  as  something  to 
be  looked  into  in  more  detail  at  some  future  coavenient  time. 
I  merely  cite  this  to  show  that  there  is  much  resemblance  between 
the  mercury -arc,  in  fact  any  arc,  and  what  in  the  audion  I  regard 
as  an  arc-stream  between  the  incandescent  filament  and  the 
plates. 

The  author's  explanation  of  the  modus  operandi  of  the  audion 
seems  to  me  to  be  too  complicated  to  stand  much  chance  of  being 
correct.  When  something  new  comes  up  for  explanation  we 
should  take  the  simplest  view  of  it  first.  Instead  of  immedi- 
ately calling  in  the  aid  of  ions,  corpuscles,  and  other  things  of 
which  we  can  have  little  physical  conception,  we  should  leave 
these  as  a  court  of  last  resort,  to  be  called  in  only  when  simpler 
theories  fail  to  account  for  the  observed  facts. 

As  described  in  the  paper,  there  ar6  many  points  in  common 
between  the  audion  and  mercur>'-vapor  apparatus.  This  re- 
semblance, and  some  slight  acquaintance  with  the  mercury-arc 
induces  me  to  offer  an  explanation  with  less  of  ions  and  more  of 
the  science  of  acoustics. 

An  organ-pipe  may  have  the  stream  of  air  so  directed  that  the 
pipe  just  fails  to  speak  Another  pipe  by  sounding  may  cause  it  to 
speak,  or  even  snapping  the  fingers  may  give  the  same  result. 
The  sound  from  another  source  carries  just  enough  energy  to 
upset  thebalance,  tomake  a  stable  condition  unstable.  Similarly 
in  the  device  under  consideration  this  evening,  the  arc-stream  is 
just  on  the  point  of  vibrating  and  needs  only  a  slight  impulse  to 
trip  it.  Here  is  an  arc-stream  in  a  very  sensitive  state  ready  to 
make  a  noise  in  the  telephone, ready  to  vibrate  or  to  start  anew 
current-stream  from  another  portion  of  the  anode.  The  high- 
frequency  wireless  impulse  need  have  only  sufficient  energy  to 
make  the  stable  condition  of  the  arc-stream  unstable.  There  is  a 
short  inter\^al  of  time  before  the  current  in  the  arc  becomes  steady 
again,  and  it  is  in  thisintervalthat  the  telephone  receiver  gives  its 
sound.  I  have  not  had  the  pleasure  of  listening  to  the  audion; 
but  I  do  know  that  a  mercury -arc  stream  has  a  very  definite  vi- 
brational period,  as  evidenced  by  the  musical  sounds  heard  in 
a  telephone  receiver. 

This  acoustical  theory  also  may  explain  the  sensibility  to  spark 
frequency.  It  being  apparent  that  great  sensibility  would  be 
obtained  if  the  recurring  impulse  (as  determined  by  spark 
frequency)  coincide  with  the  natural  period  of  oscillation  of  the 
arc-stream  itself. 

The  point  is  made  that  the  reading  of   a  direct-current  meter 
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shows  no  change,  at  the  same  time  the  telephone  receiver  gives 
evidence  of  fluctuating  current.  Dr.  De  Forest  does  not  give 
the  type,  nor  the  sensibility  of  the  direct-current  instrument 
used.  The  current  may  increase  or  decrease,  and  the  instrument 
not  show  it.  If  the  sounds  are  due  to  vibrations  of  the  arc-stream 
the  resulting  current  would  be  very  much  like  a  direct  current 
with  the  addition  of  a  small  alternating  current,  and  a  direct- 
current  instrument  will  not  show  this  so  long  as  the  alternating 
currents  are  relatively  of  small  value. 

I  do  not  urulerstand  the  analogy  drawn  between  the  hysteresis 
loss  in  ion;  that  is,  put  through  a  complete  magnetic  cycle,  and 
what  is  termed,  hysteresis  loss  in  the  audion.  In  the  case  of  iron 
we  supply  a  certain  amount  of  energy,  and  a  less  portion  of  this 
same  energy  is  returned,  the  difference  being  lost.  In  the  audion 
I  cannot  see  that  there  is  stored  energy  in  any  form,  so  that  it 
seems  improper  to  speak  of  hysteresis  losses  in  this  case,  merely 
because  ascending  and  descending  curves  do  not  coincide. 

Dr.  De  Forest  makes  a  distinction  between  the  relay  action  of 
the  device  as  used  by  him,  and  the  rectifying  action  of  a  similar 
piece  of  apparatus  in  the  hands  of  others.  This  distinction  seems 
quite  proper,  as  the  amount  of  energy  available  at  the  end  of  any 
commercial  wireless  transmission  must  be  altogether  too  small 
to  give  any  direct  evidence  of  its  existence  to  our  senses. 

Edward  P.  Thompson:  A  former  speaker  has  alluded  to  the 
great  importance  of  knowing  the  complete  causes  of  the  click  in 
the  telephone.  Suspecting  that  an  audible  spark  is  produced  in  the 
telephone,  sometimes,  by  the  leakage  of  the  oscillations  to  the 
diaphragm,  I  used  a  telephone  casing  without  any  magnet  or 
diaphragm,  providing  the  smallest  possible  spark-gap  inside, 
by  two  wires  almost  in  contact.  By  using  this  spark-phone 
instead  of  the  telephone,  but  at  short  wireless  telegraphic  dis- 
tances only,  the  same  click  was  heard,  and  it  was  loud,  because 
the  sparks  were  produced  in  a  small  confined  space  close  to  the  ear. 

The  probable  conclusion  is  that  the  click  in  the  telephone, 
although  usually  produced  by  electromagnetic  action,  may  also  be 
the  direct  sound  of  a  very  small  and  even  invisible  spark.  Caution 
should  be  taken  to  experiment  at  short  distances  only,  for  it 
is  obvious  that  the  so-called  spark-phone  consists  of  a  hertzian 
spark-gap  detector  in  a  confined  space,  with  a  listening  opening 
to  be  placed  close  to  one's  ear. 

Frederick  K.  Vreeland:  While  listening  to  this  paper  I  was 
impressed  by  the  striking  similarity  between  some  of  the  phe- 
nomena Dr.  De  Forest  has  pointed  out,  and  certain  actions  that 
occur  in  electrolytic  cells.  We  know  it  is  quite  the  fashion  now 
to  point  out  the  analogy  between  the  behaviorof  electronsor  ions 
in  a  gas  and  the  behavior  of  the  ions  in  an  electrolytic  solution; 
and  although  these  analogies  will  not  always  bear  the  test  of 
strict  scientific  scrutiny,  they  are  sometimes  very  suggestive. 
Dr.  De  Forest  has  pointed  out  that  in  this  audion  there  is  a  pro- 
duction of  ions  in  the  neighborhood  of  the  hot  filament,  and  has 
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also  shown  that  these  ions  are  concentrated  mainly  in  the  \ncin- 
ity  of  that  filament.  The  ions  in  this  case  are  produced  by  the 
heating  of  the  filament.  But  if  we  take  an  electrolytic  cell— 
for  example,  a  pair  of  platinum  electrodes  immersed  in  acid— 
and  connect  a  source  of  electromotive  force  across  it,  we  shall 
also  get  a  collection  of  ions  on  the  anode  and  a  collection  of 
opposite  ions  on  the  cathode.  The  electrodes  are  said  to 
be  polarized.  The  distribution  of  potential  in  the  electrolytic 
cell  is  somewhat  analogous  to  that  in  the  vacuum  tube  of  the 
audion,  and  we  can  reproduce  some  of  the  phenomena  that  Dr. 
De  Forest  has  called  our  attention  to.  For  example.  Dr.  Pupin 
discovered  years  ago  that  if  we  take  such  a  cell  with  ven*  small 
electrodes,  connect  a  batter\'  in  series  with  it  and  polarize  it. 
that  that  combination  of  cell  and  batten-  is  capable  of  rectifying 
an  alternating  current.     The  current  will  flow  through  it  in  one 


direction,  but  it  will  not  flow  through  it  in  the  other.  Xow. 
that  is  a  rather  close  analogue  to  the  arrangement  of  Professor 
Fleming,  to  which  Dr.  De  Forest  has  called  attention — his 
*  oscillation  valve,"  as  Prof.  Fleming  called  it.  As  you  will  re- 
member, he  took  one  of  these  hot-tihiment  tubes  and  connected 
it  in  scries  with  a  source  of  electromotive  force  and  a  galvano- 
meter, and  he  got  a  rcctilication.  lie  explains  that  phenomenon 
if  I  remember  rightly,  by  the  fact  that  the  negative  corpuscles, 
being  so  much  smaller  and  more  mobile  and  having  a  higher 
velocity,  are  more  ea.sily  set  in  motion  than  the  positive  elec- 
trons which  are  gathered  at  the  other  terminal,  and  conse- 
quently the  current  will  flow  more  readily  in  one  direction  than 
in  the  other. 

Now,  regarding  the  **  polariphone  "  receiver,  if  Dr.  Pupin  had 
been  in  the  position  I  was  in  when  I  coined  that  name,  I  think 
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he  would  have  found  it  awkard  to  say  "An  electrolytic  wave  de- 
tector which  operates  by  anodic  depolarization."  Polariphone  is 
not  quite  so  beautiful  as  audion,  but  it  suggests  the  fact  that  the 
thing  works  by  polarization  and  that  the  result  is  a  sound.  In 
the  polariphone  cell  there  is  a  very  minute  anode,  and  usually 
a  larger  cathode,  and  the  cell  is  polarized  by  a  dry  battery.  As  you 
increase  the  voltage  across  the  cell,  at  first  you  get  no  current, 
but  when  you  reach  a  certain  point  a  current  will  begin  to  flow; 
very  minutely,  it  is  true,  but  still  it  is  a  current,  and  that  is  at 
a  point  below  the  voltage  ordinarily  known  as  the  decomposition 
voltage  of  tke  electrolyte,  which  is  about  1 . 7  volts.  The  current 
commences  at  a  point  below  that  and  gradually  increases,  the 
curvx  running  almost  parallel  to  the  voltage  axis,  showing  a  small 
increase  of  current  for  a  large  increase  of  electromotive  force, 
and  finally  reaching  a  critical  point  6  where  the  curve  turns  over 
and  you  get  a  large  increase  of  current  for  a  small  increase 
of  electromotive  force.  If  you  polarize  the  cell  to  about  that 
point  it  is  sensitive  to  electrical  oscillations,  just  as  the 
audion  is.  These  oscillations  pass  through  the  cell,  depolarize  it, 
and  as  a  result  of  the  depolarization,  the  counter  electromotive 
force  is  diminished  and  a  large  current  flows  from  the  battery 
and  gives  an  impulse  to  the  telephone.  Comparing  this  with 
Dr.  Pupin's  rectifier,  we  find  a  ver}'  similar  relation  to  that 
which  appears  in  the  comparison  of  Dr.  De  Forest's  audion  with 
Professor  Fleming's  oscillation  valve.  It  is  vastly  more  sensitive 
and  it  performs  a  function  which  is  not  rectification — it  is  rather 
a  relay  cfTect,  such  as  Dr.  De  Forest  ascribes  to  the  audion. 

As  to  the  question  why  the  current  does  not  affect  the  ammeter. 
I  ask  Dr.  Dc  Forest  if  it  is  absolutely  certain  that  the  current 
which  affects  the  telephone  is  not  a  unidirectional  pulsating 
current?  The  reason  I  ask  this  is  that  in  the  polariphone  re- 
ceiver you  can  get  by  suitable  adjustments  a  similar  pheno- 
menon— you  can  get  a  very  distinct  and  even  loud  signal  without 
any  increase  of  current  which  will  affect  the  instruments  ordin- 
arily used  for  measuring  these  currents.  We  all  know  the 
telephone  is  an  exceedingly  sensitive  instrument,  even  dis- 
counting the  figure  that  Dr.  Pupin  repudiates.  Instead  of  saying 
that  it  is  sensitive  to  10"*'  ampere,  suppose  we  say  it  is  only 
sensitive  to  the  millionth  of  an  ampere.  That  is  a  very  conserva- 
tive estimate.  Telephones  are  certainly  sensitive  to  that  current. 
A  current  of  a  millionth  of  an  ampere  would  not  affect  any  of 
the  instruments  that  one  would  be  Hkely  to  use  in  measuring 
such  an  effect. 

Lee  Deforest:     I  think  that  statement  is  correct. 

Frederick  K.  Vreeland :  Is  it  not  possible  you  did  have  a  tmi- 
(lirectional  pulsating  current  sufficient  to  affect  the  telephone 
and  not  sufficient  to  affect  the  instrument  you  were  using.? 

Lee  De  Forest:  That  is  conceivable  with  extremely  faint  im- 
pulses, but  at  the  same  time  I  got  signals  which  could  be  de- 
scribed as  tremendously  loud  in  the  telephone,  and  no  change 
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of  deflection,  so  I  had  no  reason  to  suppose  that  as  these  signals 
became  weaker  in  the  telephone  they  would  become  unidirec- 
tional.  There  was  no  reason  to  suppose  they  should,  when  they 
are  weak,  give  an  effect  entirely  lacking  when  they  are  strong. 

Ftederick  K.  Vreeland:  Then  you  incline,  as  I  understand 
you,  to  the  belief  that  the  currents  in  the  telephone  were  really 
alternating  currents  and  did  reverse. 

Lee  De  Forest:    Yes. 

Frederick  K.  Vreeland:  Then  as  Dr.  Pupin  says,  that  is  an 
interesting  point. 

I  do  not  set  forth  these  analogies  as  strictly  scientific  parallels. 
I  do  not  know  just  how  far  we  could  push  them  into  a  refined 
analysis  of  the  question,  but  they  are  certainly  suggestive,  and 
I  think  they  tend  to  cr\'stallize  our  ideas  as  to  the  relation  be- 
tween the  ionic  phenomena  in  gases  and  those  in  electrolytes. 

Lee  Dc  Forest:  Dr.  Pupin 's  opening  remarks  may  sene  as 
an  argument  why  the  study  of  Greek  and  Latin  should  be  thor- 
oughly introduced  into  our  engineering  schools.  My  knowledge 
of  Greek  is  almost  nil ;  I  knew,  however,  that  **aud*'  was  of  Latin 
and  "ion"  of  Greek  derivation.  But  they  are  both  expressive. 
Where  we  use  a  term  one  hundred  times  a  day,  it  is  necessar\-  to 
have  something  brief ;  we  could  not  expect  the  wireless  tele- 
graph operators  to  use  a  long  technical  description  of  the 
apparatus  in  speaking  of  it,  and  when  several  types  are  in  use 
it  is  necessary  clearly  and  briefly  to  distinguish  them. 

As  to  why  the  milliammeter  or  sensitive  direct-current 
instrument  would  not  show  any  deflection  at  the  time  the 
telephone  responrled,  wc  know  that  the  sound  we  hear  in  the 
telephone  reproduces  of  course  the  spark  frequency.  The^^c 
impulses  if  they  are  all  in  one  direction,  and  suiTicicntly 
close  together  and  are  of  sutruient  intensity,  must  produce  an 
effect  on  the  sensitive  direct -current  instruments.  The  only 
reason  why  they  do  not  produce  an  cttect  must  be  that  they  are 
alternately  in  one  direction  and  the  other.  With  an  oscillograph 
we  would  find  out  just  what  their  curve  is.  I  hope  somedav  to 
do  this.  They  are  undoubtedly  alternating,  rather  than  puls- 
ating. I  hope  to  have  the  privilege  of  showing  the  audion  in 
operation  to  some  of  the  members  of  the  Institute,  and  letting; 
them  hear  the  signals.  I  would  like  Dr.  Pupin  especially  to  hear 
them.  The  intensity  of  the  sounds  is  at  times  so  great  that  he 
will  surely  admit  that  they  are  caused  by  an  electromagnetic  cur- 
rent flowing  through  the  telephone,  and  not  by  elei^trostatic 
effects  in  the  telej)hone  between  the  core  and  the  diaphragm, 
although  the  latter  effect  undoubtedly  exists. 

As  Mr.  Vreeland  says,  there  are  a  number  of  analogies  between 
the  audion  and  the  polariphone.  They  both  employ  ions  or 
corpuscles,  as  the  ( ase  may  be,  and  the  forms  of  the  saturation 
curves,  current  and  voltage  curves,  etc.,  are  sometimes  similar 
in  both  cases  1  believe,  however,  that  the  analogies  are  not 
sufficiently  close  even  to  be  discussed  by  lawyers  in  patent  liti- 
gationl 
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Discussion  on  **The  Audion"  at  the  Philadelphia  Branch, 
November  12,  1906. 

C.  D.  Ehret:  Will  Dr.  De  Forest  please  state  the  differ- 
ence in  principle  and  action  between  this  audion  and  the  Fleming 
rectifier,  whose  structural  circuits  so  closely  resemble  those 
which  he  has  placed  on  the  blackboard 

Lee  De  Forest:  In  the  first  place,  Fleming  took  the  old  type 
of  tube  (see  Fig.  1)  which  was  produced  in  1882,  and  which  El- 
ster  and  Geitel  had  found  would  rectify  currents.  Fleming  built 
a  cylinder  which  had  been  used  by  Edison,  like  this: 

Fig.  1  shows  the  positive  and  negative  connections  of  the  bat- 
tery, with  a  direct-connected  galvanometer,  G.  There  is  a  po- 
tential difference  between  this  cylinder  and  the  negative  end 
of  the  filament  in  the  Fleming  rectifier,  and,  inasmuch  as  the 
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negative  ions  are  travelling  from  the  hot  to  the  cold  body,  there 
is  a  local  current  passing  through  G  all  the  time.  Thus  only  the 
positive  half  of  the  current  oscillation  can  pass  across  the 
gap,  the  other  half  being  choked  back.  By  using  intense 
waves  and  a  sensitive  galvanometer  here,  Fleming  was  able  to 
increase  the  deflection.  The  value  of  such  a  device  as  a  wireless 
telegraph  receiver  is  nil.  Exceedingly  powerful  signals  are 
required  to  affect  this  galvanometer  at  all.  Put  a  telephone  in 
the  circuit,  and  if  the  signals  are  sufficiently  intense  you  can  detect 
the  pulsating  currents  in  the  telephone.  But  it  is  not  practicable, 
in  commercial  wireless  telegraphy.  But  now  introduce  an  exter- 
nal electromotive  force  in  the  lead  to  the  cylinder  and  connect 
the  positive  terminal  with  the  wing.  This  increases  the  positive 
potential  of  the  plate.  The  negative  of  this  battery,  **5,**  must 
be  connected  to  the  positive  of  battery  **  A  ";  then  we  get  the 
full  trigger  or  relay  effect  of  the  hertzian  oscillations,  which  I  can 
briefly  call  the  '*  variation  layer  effect,"  whereby  the  hertzian 
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pulsations  passing  across  the  gap,  control  the  variation  layers 
before  the  electrode  so  that  the  local  current  flowing  all  the  time 
has  superimposed  upon  it  alternating  currents,  whose  source  of 
energy  is  the  local  battery.  These  pulsations  affect  the  tele- 
phone to  a  marked  degree.  In  Fleming's  case  we  have  simply 
a  hertzian-wave  motor,  and  the  hertzian  wave  merely  acts  with 
its  own  energy  to  cause  deflection  of  the  galvanometer  armature. 
In  the  case  of  the  au^ion  with  the  two  wings,  the  difference  is 
still  more  marked,  for  we  have  a  very  marked  decrease  in  the 
local  current  flow.  The  hertzian  oscillation  being  applied  to 
this  insulated  wing,  produces  now  an  effect  not  hereto- 
fore described.  It  causes  a  decrease  in  flux,  but  on  top  of  that 
is  the  variation  layer  effect  which  I  have  just  described,  and 
which  is  indicated  in  the  telephone.  In  a  word,  the  chief  dif- 
ference is  this;  with  the  Fleming  rectifier  we  have  a  hertzian' 
rectifier,  and  here  in  the  audion  we  have  a  relay. 

C.  D.  Ehret:  In  the  audion,  is  there  always  a  normal  flow  of 
current  from  the  battery  B  through  the  telephone. 

Lee  De  Forest:  Yes,  always;  but  superinduced  upon  this 
are  the  alternating  currents  due,  apparently,  to  the  alternating 
changes  in  the  variation  layers. 

C.  D.  Ehret:  How  do  you  connect  the  audion  in  a  tuning 
circuit.  You  say  it  is  a  potentially  operated  device. 

Lee  De  Forest:  It  is  connected  as  shown  here  in  the  two- wing 
type  (See  Fig.  2).     The  two  wings  are  connected  to  one  leg  of  the 


^ 


<K>-^ 


H'lip 


-=-B 


J 


Fig.  2. 


Closed  oscillating  circuit,  or  we  may  have  the  antenna  connected 
to  the   insulated  wing,    and   one   end  of   filament   connected 
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iirect  to  earth.  It  makes  a  difference  in  the  responses  how  the 
ludion  is  connected  in  the  oscillation  circtiit.  If  it  is  connected 
as  shown  here,  the  higher  potentials  are  always  appUed  to  the 
wing,  and  .the  lower  potential  to  the  filament.  Thewingshould 
have  the  maximum  potential  impressed  upon  it. 

W.  E.  S.  Temple:     What  is  the  voltage  of  the  filament. 

Lee  De  Forest:  For  convenience  I  use  a  6-volt  lamp;  from 
4  to  6  volts,  using  generally  three  cells  of  storage-battery.  I  started 
with  1 10  volts  and  then  decreased  it,  finding  high  voltages  imprac- 
ticable, as  one  hears  always  a  great  noise  from  the  dynamo  at  the 
power  station.  The  battery  *'/!",  varies  from  4  to  8  volts  at 
the  outside,  and  battery  "jB"  from  6  to  18  volts.  The  current 
across  the  gap  is  very  small,  and  I  employ  a  small  set  of  dry 
batteries  the  hfe  of  which  is  at  least  six  months. 

H.  C.  Snook:  In  connection  with  the  different  sensitiveness 
whch  has  been  noted  with  reference  to  the  platinum  filaments, 
and  the  carbon  filaments,  I  would  like  to  ask  whether  there  has 
been  any  experimenting  done  with  the  tantalum  filaments  ? 

Lee  De  Forest:  I  am  using  tantalum  filaments  entirely ;  I  think 
they  are  much  better  The  temperatures  are  higher  than  with 
either  the  carbon  or  the  platinum.  I  have  never  been  able  to 
use  the  tungsten  filament,  but  I  should  think  it  might  give 
better  results  than  the  tantalum. 

H.  C.  Snook:  Can  you  make  any  statement  regarding  the  use 
of  the  oxides  of  the  alkali  earth  metals  coated  on  the  cathode, 
similar  to  the  work  done  by  Dr.  Wehnelt  of  Germany,  who  states 
that  the  saturation  current  with  the  oxides  of  the  alkali  earths 
is  much  higher  than  in  the  case  of  the  elementary  metals,  or  the 
carbon  filaments.'* 

Lee  De  Forest:  The  only  thing  we  have  done  has  been  to  coat 
them  with  the  alkali  salts  of  potassium  and  sodium.  The  Ufa 
of  the  filaments  is  very  short,  but  I  presume  they  may  yet 
be  produced  so  as  to  be  better  than  the  tantalum  filament; 
every    consideration    points    that    way. 

E.  F  Northrup:  Will  you  not  tell  us  more  about  that  relay 
connection.  If  there  is  a  rapid  tap  of  the  key,  how  rapidly  can 
the  relay  be  made  to  respond?  Becatise,  if  you  get  the  relay  to 
act  rapidly,  you  will  be  able  to  do  a  great  many  things  in  con- 
trolling motion,  etc. 

Lee  De  Forest:  We  have  never  tried  any  signals  more  rapid 
than  those  required  in  the  ordinary  telegraph  practice,  about 
•S.")  words  a  minute.  Of  course  the  sluggish  voltmeter  can  be 
seen  to  deflect  even  with  an  instantaneous  connection.  A  relay 
will  operate  positively  at  such  speeds  with  very  slight  force, 
and  as  far  as  the  audion  goes,  it  will  at  least  allow  a  speed  of  35 
words  a  minute,  and  I  presume  that  with  an  oscillograph  it 
would  reproduce  perfectly  oscillations  of  very  high  frequency. 
The   telephone   diaphragm   does   that. 

H.  C.  Snook:  Do  you  not  think  that  the  residue  of  the  gas  left 
within  the  exhausted  envelope  has  something  to  do  with  this 
lag. 
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Lee  Dc  Forest:  Well,  of  course,  the  gas  has  something  to  do 
with  the  phenomenon.  If  the  exhausting  process  is  carried  too 
far,  the  audion  loses  its  sensitiveness.  1  he  gas  particles,  rather 
than  the  particles  of  the  metal  dust,  are  the  carriers.  I  do  not 
believe  the  dust  particles  are  controlling  at  all.  This  extreme  lag. 
when  the  batter}-  **^"  is  of  low  voltage,  is  a  most  astonishing 
thing.  You  cannot  imagine  the  gas  all  concentrated  in  that 
space  around  the  insulated  wing,  while  the  hertzian  oscillation 
is  passing,  but  there  seems  to  be  either  an  abstraction  of  the  ions 
into  this  space,  and  a  very  slow  resumption  of  their  original  po- 
sitions, or  else  a  complete  de-ionization  and  a  ver\'  sluggish 
reionization.  The  positive  ions  and  negative  ions  imite  and 
cease  to  be  carriers;  they  are  then  nothing  but  air  molecules. 
I  have  never  been  able  to  arrive  at  any  adequate  explanation 
for  this  lag.  It  is  as  puzzling  as  the  after-glow  in  a  cathode-ray 
tube.  Here  we  have  the  converse  effect.  Of  course  the  time 
is  seconds  instead  of  hours,  but  whatever  conducting  property 
the  gas  originally  had,  is  taken  away  from  it  for  a  few  seconds, 
although  the  forces  that  gave  it  that  property  are  still  existant. 

I  would  like  to  know  if  any  one  present  has  ever  come  across 
any  similar  effect  connected  with  the  gas  particles,  or  ions, 
call  them  what  you  will? 

C.  D.  Ehret:  What  is  the  action  of  a  magnet  on  this  audion. 
Is  it  an  improvement  or  a  detriment? 

Lee  De  Forest:  It  is  a  detriment  ordinarily,  but  it  furnishes 
a  way  of  regulating  the  flux,  which  can  be  regulated  in 
a  variety  of  ways.  When  the  audion  is  put  in  a  strong 
field  at  right  angles  to  the  flux  of  the  ions,  the  ions 
tend  to  follow  the  magnetic  lines  of  force.  A  great 
many  will  then  go  outside  and  do  not  strike  the  wings 
at  all,  so  that  if  you  have  too  great  a  flux,  you  can  reduce  that 
flux  by  the  magnet  and  restore  the  sensitiveness  of  the  audion. 
As  far  as  I  have  gone,  it  seems  that  the  magnetic  effect  is  more 
pronounced,  when  receiving  low-frequency  oscillations  than  high 
frequency  oscillations,  which  giv^s  us  a  new  method  of  tuning. 

James  Haywood:  Can  Dr.  De  Forest  tell  ns  what  measure 
of  efficiency  this  instrument  has.  as  comparcvl  with  former  re- 
ceivers. In  other  words,  how  much  farther  can  you  transmit 
a  wireless  message  by  using  the  audion? 

Lee  De  Forest:  I  wish  I  could  say  that  the  audion  is*'  Si^ol 
times  "  as  sensitive  as  any  other  receiver,  or  even  eight  times, 
but  all  I  do  say  is  that  the  audion  is  more  sensitive  than  the  "elec- 
trolytic"; the  same  sij:!^nals  are  louder  than  with  the  electrolytic, 
and  the  o[)erator  always  prefers  the  audion  because  the  signals 
are  louder.  I  wont  say  you  can  cover  greater  distance,  but  I 
will  say  that  for  practical  distances,  the  signals  are  louder  on  the 
audion  than  on  the  electrolytic. 

George  Breed:  Dr.  De  Forest  says  that  one  of  these  wings 
should  be  connected  with  the  hi.c^h  potential  side  of  the  con- 
verter on  the  antenna;  how  docs  he  determine  them ? 
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Lee  De  Forest:  One  side  of  the  oscillating  circuit  is  connected 
to  the  filament  and  to  all  the  ramifications  of  the  circtiits  there 
attached.  Here  is  the  'phone  on  the  operator's  head,  a  virtual 
ground,  and  consequently  it  is  important  to  raise  this  other 
point  of  the  oscillating  circuit  to  its  highest  potentials.  This 
insulated  plate  can  be  thus  raised.  The  oscillating  current  is 
attuned  by  varying  this  shunting  capacity  and  this  self  induc- 
tance, the  same  as  with  any  receiver,  buf  the  tuning  is  decidedly 
sharper  with  the  audion  than  with  any  other  form  of  receiver 
that  I  know  of. 
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Improvements  in  wireless  telegraph  receivers  have  been  much 
more  numerous  than  in  the  sending  apparatus.  Since  the  first 
detector  of  Hertz,  consisting  of  a  minute  spark-gap  and  loop  ' 
of  wire,  used  in  1887,  there  has  been  a  very  marked  improvement. 
This  improvement  has  not  extended  to  the  sending  apparatus, 
for  this  apparatus  is  practically  the  same  to-day  as  that  employed 
by  Hertz,  differing  mostly  in  magnitude  and  in  the  fact  that 
one  side  of  the  oscillator  is  connected  to    ground. 

Of  the  various  detectors,  the  coherer  is  perhaps  the  best 
known.  It  was  this  device  that  gave  wireless  telegraphy  such 
an  impetus.  Marconi  used  it  in  nearly  all  of  his  early  work. 
The  coherer,  it  is  well  known,  operates  by  the  breaking  down  of 
insulating  films  separating  small  metal  particles.  It  is  thus 
evident  that  the  coherer  is  dependent  upon  voltage  for  its  opera- 
tion, the  quantity  of  current  involved  entering  only  as  a  second- 
ary function.  The  coherer  can  be  looked  upon  as  a  sensitive 
trigger,  delicately  set,  which  after  operating  requires  to  be  reset 
before  it  is  ready  for  the  next  impulse.  It  is  a  delicate  and 
treacherous  device,  and,  is  usually  set  aside  by  investigators 
just  as  soon  as  they  have  any  other  device  to  substitute  for  it. 

In  1899,  Professor  Fessenden  and  the  writer  were  conducting 
some  wireless  telegraphy  experiments,  and  during  these  investi- 
gations the  writer  tried  to  persuade  Professor  Fessenden  to  try 
a  coherer  in  some  of  the  tests,  but  he  was  unwilling  to  do  so.  He 
remarked  at  that  time,  when  every  one  was  singing  the  praises 
of  the  coherer  as  such  a  remarkable  and  satisfactory  instrument, 
that  it  was  a  waste  of  time  to  use  it,  as  it  was  incorrect  in  princi- 
ple.    He  advocated  then  some  form  of  current-operated  device, 
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a  device  which  would  utilize  more  of  the  collected  energy  than  was 
possible  with  the  coherer.  In  these  early  experiments,  a  form 
of  galvanometer  consisting  of  a  small  ring  suspended  at  an  angle 
of  45®  to  the  plane  of  two  field  coils,  as  shown  in  Fig.  1,  was 
employed. 

This  device  was  connected  in  the  receiving  circuit,  forming 
part  of  a  straight  series  circuit  from  the  vertical  antennae  to 
ground.  When  the  oscillating  currents  set  up  by  the  radiating 
electric  waves  were  passing  through  the  field  coils  F,  F,  a  curt,  nt 
was  induced  in  the  ring  R.  The  ring  would  then  tend  to  mov^ 
and  thus  give  indications  of  the  presence  of  electric  oscillations 
in  the  vertical  wire.  The  amount  of  the  deflections  would  be 
read  with  a  reading  telescope  and  smle  from  a  mirror  carried 
on  the  ring,  as  with  an  ordinary  galvanometer. 

This  device  gave  quantitative  results,  while  those  obtained 
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with  the  coherer  were  entirely  qualitative  and  quite  uncertain. 
Working  with  a  device  of  a  kind  capable  of  giving  quantitative 
values,  even  though  possibly  not  so  sensitive,  was  much  better 
for  studying  various  modifications  of  the  sending  apparatus,  etc. 
With  that  old  home-made  instrument,  some  of  the  fundamental 
points  that  have  since  become  standard  practice  were  deter- 
mined. 

Unfortunately  for  the  ring-form  of  galvanometer,  it  had  one 
serious  defect;  the  current  in  the  ring  was  in  nearly  90°  phase-re- 
lation with  the  magnetic  field  producing  it,  resulting  in  a  very 
small  torque.  But  for  the  fact  that  the  ring  itself  had  an  ap- 
preciable inductance  for  its  own  induced  current,  thus  causing 
it  to  lag  slightly,  there  would  have  been  no  torque.  Attempts 
were  made  to  increase  the  torque  by  various  schemes  calcu- 
lated to  change  the  phase  of  the  induced  currents,  but  with  only 


1906] 


KINT^'ER:  WIRELESS  RECEIVERS 


783 


moderate  success.  Very  small  iron  wires  were  placed  through 
the  ring  at  right  angles  to  the  main  field,  thus  tending  to  increase 
the  inductance  of  the  ring.  In  other  trials  the  ring  was  split 
and  terminated  in  small  condenser  plates,  but  with  no  material 
improvement. 

After  Professor  Fessenden  had  left  Pittsburg  to  devote  all 
his  time  to  investigating  wireless  telegraphy,  the  writer  attempted 
for  a  time  to  carry  on  some  investigations  along  similar  lines 
In  attempting  to  overcome  the  trouble  with  the  ring  and  its 
phase- relation,  an  effort  to  produce  a  rotary  field  was  partly 
successful.  Fig.  2  indicates  the  method  used  to  produce  this 
field. 
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It  will  be  seen  here  that  a  two-phase  field  is  arranged  and  if 
currents  of  the  proper  phase  are  sent  through  it,  a  true  rotary 
field  will  be  produced.  The  two-phase  currents  were  obtained 
by  spacing  two  vertical  antennae  one-quarter  wave-length  apart. 
It  was  thus  possible  to  tell  the  direction  the  waves  were  coming, 
as  of  course  the  tlircction  of  rotation  depended  upon  which  of  the 
two  verticals  reached  its  maximum  value  first.  The  device  was 
not  very  sensitive,  probably  because  the  field  could  not  be  so 
a(h'antageously  arranged  as  is  desirable  for  induction  motors. 
An  ctTort  to  utilize  exceedingly  fine  wire  to  concentrate  th^ 
ticld  proved  a  complete  failure. 
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Marconi  brought  out  a  magnetic  detector  -^hich  oterate-i  on 
the  peculiar  physical  fact  that  iron  when  passing  slowly  thrc-iigh 
its  hysteresis  loop,  is  very  sensitive  to  a  magnetic  neliset  up  by 
electric  oscillations.  This  device  is  quite  successful  ir  ser\-ice 
and  is  much  more  reliable  than  a  coherer.  In  practice  this  de- 
vice is  arranged  so  that  a  small  motor  is  rotating  an  iron  core  at 
a  ver\'  slow  rate  in  a  magnetic  field;  the  core  is  surrounded  by 
the  detecting  loop  connected  in  the  receiving  circuit ;  a  secondary' 
loop  leads  to  a  telephone,  and  the  sudden  changes  in  magnetic 
conditions  of  the  iron  due  to  electric  oscillations  set  up  by  the 
received  waves  are  indicated  by  small  current  changes  in  the 
telephone  circuit. 

Fessenden  brought  out  what  he  called  a  hot-wire  barretter 
that  was  quite  an  advance,   particularly  for  quantitative  work. 


Fig.3 


This  device  has  since  Ixjcn  used  for  some  investigations  in  tele- 
phone work  and  is  very  satisfactory  for  such  service.  The  device 
consists  of  a  very  small  loop  of  platinum  wire,  so  arranged 
in  a  circuit  that  its  change  in  resistance  due  to  chan^'c  in  tem- 
perature caused  by  the  oscillating  currents  is  indicated  in  a  tele- 
phone connected  in  circuit  as  shown  in  Fig.  3. 

The  size  of  the  platinum  wire  and  some  M  its  characteristics 
are  quite  interesting.  The  small  wire  in  the  loop  is  only  about 
O.OOOOSin.  in  diameter  and  only  about  0.015  in.  in  length. 
These  figures  seem  almost  incredible,  but  they  are  appro.ximately 
correct.  Such  error  as  really  exists  is  on  the  side  of  tocj  large 
dimensions. 

The  WoUaston  wire,  by  which  name  the  above  is  known,  is  a 
composite  wire  of  silver  with  a  platinum  core.  The  platinimi 
is    first  drawn  as  small  as  possible  and  then  coated  with  silver 
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until  a  composite  wire  is  formed  having  a  section  of  which  99% 
or  more  is  silver.  This  composite  wire  is  then  drawn  down  to 
very  small  dimensions,  the  platinum  core  being  reduced  in  sec- 
tion at  the  same  time.  The  silver  is  afterwards  dissolved  in 
acid  at  the  places  at  which  the  fine  section  is  desired. 

An  0.00008  in.  platinum  wire  has  a  resistance  of  8450  ohms 
per  foot,  or  approximately  10 . 5  ohms  for  0 .  015  inches  in  length. 
The  small  mass  involving,  only  7.5  x  10""  cubic  inches  of  platinum 
requires  only  0.0356  ergs  to  raise  its  temperature  1®  cent.,  or  one 
erg  would  increase  its  temperature  about  30®  cent.,  which  would 
mean  a  change  in  resistance  of  approximately  12%.  The  above 
figures  are  assumed  without  consideration  of  the  larger  section 
of  wire  at  the  ends  of  the  loop  where  the  silver  has  not  been  re- 
moved. Unfortunately  for  the  sensitiveness  of  this  device, 
these  terminals  play  a  very  important  function,  and  tend  to  keep 
the  temperature  down,  so  that  instead  of  a  12%  resistance  change 
it  is  quite  likely  that  not  more  than  6%  change  in  resistance  really 
takes  place.  With  such  a  small  mass,  its  thermal  capacity  is 
very  low,  and  it  is  thus  able  to  follow  changes  of  temperature 
at  a  very  rapid  rate.  The  device  actually  responds  so  rapidly 
that  no  trouble  is  experienced  in  distinguishing  between  the 
quality  of  several  sparks,  in  the  same  way  that  one  can  distin- 
guish each  of  several  voices. 

The  drawbacks  with  this  detector  are,  its  liability  to  bum  out 
and  the  difficulty  of  renewals.  Bum-outs  may  result  from  light- 
ning or  from  signals  of  great  intensity.  The  forming  of  the  loop 
is  a  very  delicate  operation  and  is  done  under  a  microscope. 

The  liquid  barretter  was  the  next  important  advance  made 
in  detectors.  The  liquid  barretter  differs  from  the  preceding 
only  in  that  an  exceedingly  fine  liquid  resistance  is  substituted 
for  the  metal  resistance.  This  liquid  resistance  is  best  made 
by  making  use  of  the  Wollaston  wire  again,  and  allowing  it  to 
dip  for  a  very  slight  distance  into  an  electrolyte.  The  electro- 
lyte used  is  preferably  a  20  to  30%  solution  of  nitric  acid. 
The  acid  serves  to  dissolve  the  silver  and  thus  keep  the  barretter 
in  operating  condition  should  it  become  bamed  out  by  excessive 
currents. 

It  is  a  well  known  fact  that  the  resistance  between  two  con- 
centric cylinders  immersed  in  an  electrolyte  is  equal  per  imit 

length  to    r)        ~  where  C  is  the  resistivity  of  the  electrolyte  and 
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b  and  a  are  the  diameters  of  the  two  cylinders  respectively.  It 
will  be  seen  very  readily  fixnn  the  above  formula  that  nearly  all 
the  resistance  is  located  in  the  liquid  sunxnmding  the  fine  wire. 
Electrolytes  have  much  larger  temperature  coefficients  than 
metals,  and  thus  a  decided  increase  in  sensibility  is  gained. 
In  addition  to  the  ohmic  resistance  change,  there  is  a  change 
in  the  polarization  of  the  fine  metal  point.  Fortunately,  these 
are  additive  effects  and  tend  towards  sensibility. 

The  liquid  barretter  was  discovered  accidentally  b  Professor 
Fessenden  while  making  some  loops  for  the  wire  form  of  barretter. 
He  noticed  that  a  delicate  current  meter  in  the  circuit  with  the 
loop  that  was  having  its  silver  dissolved  off,  was  fluctuating  in 
synchronism  with  a  sending  station  some  distance  away.  An 
investigation  of  the  cause  revealed  the  fact  that  the  wire  loop 
had  broken  and  left  two  fine  points  dipping  into  the  acid.  That 
was  the  first  form.  Later  tests  showed  that  one  point  was  sup- 
perior  to  two.  Other  than  that,  the  principal  development  con- 
sisted in  getting  a  good  mechanical  arrangement  and  testing  a 
ntunber  of  electrolytes.  Nitric  acid,  as  mentioned  above,  has 
proved  the  best,  everything  considered,  though  several  other 
solutions  such  as  H  CI,  K  O  H,  H2SO4,  have   been  satisfactory. 

This  detector  is  the  best  that  has  thus  far  been  developed. 
A  number  of  detectors  arc  at  present  in  use  which  are  funda- 
mentally the  same  as  the  liquid  barretter.  The  fact  that  it  has 
so  many  imitators  is  evidence  of  its  good  qualities. 

One  of  the  most  notable  detectors,  a  .moditication  of  the 
barretter,  is  that  one  in  which  the  battery  is  made  a  part  of  the 
detector  by  using  a  containing  cup  made  of  a  metal  electro- 
chemically  positive  to  the  fine  platinum  point.  This  is  ac- 
complished practically  by  using  a  zinc  cup. 

The  barretter  and  its  various  modifications  form  a  class  of 
detector  that  is  very  satisfactory.  It  is  sturdy,  despite  its  almost 
microscopic  dimensions;  it  can  be  operated  when  mounted  on 
a  rolling  ship,  or  when  the  table  on  which  it  is  supported  is  moved 
suddenly  or  even  dropped  a  distance  of  a  foot  or  so.  In  the  event 
of  breaking  the  small  platinum  wire  at  the  point  of  immersion, 
it  is  a  matter  of  a  moment  to  screw  down  more  of  the  wire  and 
thus  form  a  new  point.  The  cell  operates  best  when  a  pressure 
of  approximately  1  .G  volts  is  impressed  across  it. 

The  small  point  should  pretVrably  be  connected  to  the  anode, 
as  it  is  somewhat  more  sensitive  with  that  arranjs^ement,  though 
it  is  operative  with  cither  connection.     The  current  changes  are 
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of  the  order  of  1x10^  amperes,  but  this  is  ample  for  a  tele- 
phone, though  too  small  to  operate  a  relay  with  certainty 
This  detector,  like  the  hot-wire  detector,  recovers  very  rapidly 
and  consequently  enables  one  to  distingtdsh  between  each  of 
several  sending  stations. 
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TRANSFORMATION  OF  ELECTRIC  POWER  INTO  LIGHT. 


BY  CHARLES  PROTEUS  STEINMETZ. 


I.  General. 

Of  all  the  achievements  of  modem  science  or  engineering  the 
production  of  light  is  the  least  creditable.  In  the  transformation 
of  electric  power  into  mechanical  power,  as  in  the  electric  motor, 
or  the  transformation  of  mechanical  power  into  electric  power, 
as  in  the  dynamo,  efficiencies  far  higher  than  90  per  cent,  have 
been  reached,  the  transformation  is  practically  complete,  and  all 
further  advance  must  be  expected  in  the  direction  of  increased 
reliability  of  operation,  decreased  size  and  cost,  etc.  Even  in 
the  steam-engine  or  steam-turbine,  60  per  cent,  or  more  of  the 
available  energy  of  the  steam  as  it  issues  from  the  boiler  is  re- 
covered as  mechanical  work. 

In  the  production  of  light,  the  efficiency  of  the  incandescent 
lamp  is  measured  by  a  fraction  of  one  per  cent.,  and  if  we  should 
succeed  in  increasing  the  efficiency  of  light  production  tenfold — 
get  ten  times  as  much  light  as  we  get  now  from  the  same  power, 
the  efficiency  of  production  of  light  would  still  be  ridiculously 
low ;  and  even  with  a  hundred  times  Its  present  efficiency,  it  prob- 
ably would  compare  unfavorably  with  efficiencies  that  are 
familiar  to  us  in  other  electrical  apparatus.  While  the  incan- 
descent lamp  is  more  efficient  th^n  the  gas-flame  or  the  kerosene 
lamp;  that  is,  gives  less  heat  with  the  same  light, still  its  efficiency 
is  extremely  low.  The  main  reason  for  this  condition  appears  to 
be  that  in  the  incandescent  lamp  or  the  ordinary  carbon  arc -lamp 
the  light  is  really  a  by-product;  that  is,  the  lamp  converts  electric 
energy  into  heat,  and  only  incidentally  produces  light. 
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II.  Lighting  by  Incandescencb. 

If  energy  is  impressed  upon  a  solid  or  a  liquid,  as  by  passing  an 
electric  current  through  a  carbon  filament,  and  no  other  work 
done,  the  body  is  heated.  This  energy  must  be  given  off  again ; 
it  is  given  off  partly  by  conduction,  but  largely  by  being  radiated 
from  the  incandescent  body.  By  increasing  the  power,  the 
amount  of  radiation  increases ;  and  there  are  changes  in  the  qual- 
ity of  the  radiation  too:  first  appear  radiations  of  very  great 
wave-length  or  very  low  frequency,  then,  with  the  increasing 
power,  higher  frequencies  appear;  that  is,  the  wave-length  of 
radiation  becomes  shorter.  In  other  words,  in  addition  to  the 
long  waves  which  appear  in  the  beginning,  shorter  and  shorter 
waves  appear:  not  only  the  total  amount  of  radiation  increases, 
but  also  the  variety  of  waves  increases  and,  ultimately  at  a  cer- 
tain amoimt  of  heat  given  to  the  body  or  at  a  certain  temperature, 
waves  as  short  as  750  //  //  appear.  These  are  noticeable  to  the 
eye  as  dark-red  light.  Then  still  shorter  waves  appear  grad- 
ually: orange,  yellow,  green,  blue,  lavender,  violet.  Beyond 
wave-lengths  of  400  //  //,  the  waves  again  become  invisible,  as  so- 
called  ultraviolet  waves. 

Of  the  infinite  variety  of  waves  radiated  by  a  heated  bodv — from 
the  long  heat  waves  given  by  liquid  air  to  the  shortest  ultraviolet 
waves,  many  octaves  of  wave-length  in  all — somewhat  less  than 
one  octave  is  visible  to  the  eye.  These  wave-lengths  are  useful 
as  light;  the  rest  is  wasted  energy.  A  parallel  would  be  found  in 
music,  if  instead  of  six  or  eight  or  more  octaves,  as  given  by  mu- 
sical instruments,  less  than  one  octave  were  audible.  To  this  fact 
is  due  the  very  low  efficiency  of  light  production  by  heat:  of  the 
total  system  of  radiation  only  a  very  narrow  range  is  useful,  less 
than  one  octave. 

Of  these  useful  rays,  the  visible  three-quarters  of  an  octave, 
none  appears  until  the  temperature  is  fairly  high.  Below  that, 
only  the  long  waves  appear.  That  means  the  average  wave- 
length of  radiation  decreases  with  the  temperature.  Or,  with 
increase  of  temperature,  not  only  the  existing  waves  become  more 
intense,  but  shorter  and  shorter  waves  appear,  and  the  intensitv 
maximum  moves  toward  a  shorter  wave-length.  With  increase  of 
temperature,  the  percentage  of  visible  radiation  thereby  becomes 
greater  and  ultimately  reaches  a  maximum,  or  the  efficiency 
would  be  the  highest  when  the  maximum  intensity  lies  iust  with- 
in the  visible  octave.  Where  this  maximum  may  be  is  unknown, 
but  it  is  beyond  the  temperature  of  the  crater  of  the  arc,  possibly 
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somewhere  between  4,000^  and  5,000®  cent.  At  that  temperature 
the  efficiency  of  the  incandescent  light  is  a  maximum,  and  probably 
from  one-quarter  to  one-half  watt  per  candle-power.  But  even 
then  the  efficiency  is  not  high,  5  to  10%,  or  thereabouts.  It 
follows,  however,  that  even  if  we  could  raise  the  incandescent 
bofly  to  the  temperature  of  maximum  efficiency,  we  would  still 
get  only  about  5  to  10%  of  all  the  energy  as  light.  The  other 
90%  would  be  ultraviolet,  chemical  oractinic  rays.  X-rays,  or  long 
heat-waves.  There  is  thus  an  absolute  limit  to  efficiency  of  light- 
ing by  incandescence. 

The  higher  the  temperature  the  greater  the  light  efficiency  of 
an  incandescent  body.  Carbon  is  apparently  the  most  refractory 
of  all  substances — its  boiling  point  being  somewhere  near  3,500® 
cent. — so  as  incandescent  body  can  be  raised  to  the  highest  pos- 
sible temperature  and  the  incandescent  crater  of  the  carbon  arc 
so  is  the  most  efficient  source  of  light  by  incandescence.  It  is  still 
somewhat  below  the  temperature  of  the  efficiency  maximvun. 

Incandescent  lighting  is  effected  by  the  electric  current,  either 
by  raising  the  temperature  of  the  light-giving  solid  body,  a  lamp 
filament,  by  passing  a  current  through  it,  or  by  passing  the  cur- 
rent from  it  into  another  body.  In  the  latter  case  the  temper- 
ature of  the  boiling  point  of  the  material  is  reached,  and  the  crater 
of  the  carbon  arc  lamp,  at  the  highest  temperature  which  can 
be  reached,  so  gives  incandescent  light  of  maximum  efficiency, 
probably  not  very  far  from  half  a  watt  per  candle-power.  But 
the  large  amount  of  energy,  which  is  conducted  away  by  air 
currents,  etc.,  greatly  reduces  the  actual  efficiency  of  the  car- 
bon arc  below  this  value. 

When  producing  light  by  passing  an  electric  current  through 
the  conductor,  as  in  the  incandescent  lamp,  no  such  efficiency 
can  be  reached.  Here  carbon  is  also  chiefly  used.  The  higher  the 
temperature  of  the  incandescent-lamp  filament,  the  greater  is  the 
efficiency;  but  the  limit  of  the  temperature  is  not  the  boiling  point 
.of  carbon,  3,500®  cent.,  but  far  below  that;  it  is  the  temperature 
where  evaporation  of  the  filament  becomes  so  rapid  as  to  limit 
its  life  below  economical  requirements.  This  is  probably  not 
very  far  from  1,800®  cent.  Far  below  the  boiling  point,  evapora- 
tion takes  place:  water  evaporates  at  ordinary  temperatures; 
even  below  the  freezing  point  snow  and  ice  evaporate  very  notice- 
ably. An  incandescent  carbon  filament  evaporates,  thereby 
decreasing  in  cross-section,  and  increasing  in  resistance;  tho 
current  decreases,  therefore  the  temperature  decreases  and  with 
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the  temperattire  the  efl&ciency  decreases.  As  the  condensed 
carbon  vapor  blackens  the  globe  and  obstructs  the  light,  another 
decrease  of  light  results  from  absorption.  Thus  efficiency  has 
to  be  sacrificed  in  the  incandescent  lamp  to  get  good  life,  and 
the  specific  constmiption  of  electric  power,  instead  of  being  one 
watt  per  candle-power  (as  in  the  case  of  the  arc  lamp)  becomes  ft 
•high  as  four  watts  per  candle-power. 

The  arc,  then,  is  the  more  eflBcient  illuminant.  But  its 
efl&ciency  is  still  low,  and  here  there  has  leen  a  similar  result; 
to  increase  the  life,  the  efl&ciency  has  been  decreased  by  enclosing 
the  carbon  arc,  in  the  present  long-bixming  lamp.  Increasing 
the  efl&ciency  of  the  arc  by  reducing  the  conduction  of  heat  by 
a  decrease  of  the  diameter  of  the  carbon  has  also  been  tried,  with 
the  same  result — exchanging  efl&ciency  for  life. 

In  the  incandescent  lamp,  the  problem  of  increasing  the  efl&- 
ciency  can  be  attacked  in  two  ways.  One  way  is  to  replace 
the  carbon  by  a  material  which  has  a  lower  vapor-tension  at 
high  tcrmperature.  While  carbon  has  the  highest  boiling  point, 
it  is  not  the  boiling  point  nor  melting  point  which  is  of  import- 
ance in  a  lamp  filament,  provided  that  this  point  is  suflSciently 
high — it  is  the  vapor-tension  far  below  this  point. 

For  instance,  the  metals  osmium,  tantalum,  wolfram  (tung- 
sten) have  a  lower  melting  point  or  boiling  point  than  carbon, 
but  they  have  at  the  same  high  temperature  a  lower  vapor- 
tension,  due  possibly  to  the  much  greater  atomic  weight  and 
so  much  greater  heaviness  of  their  molecule  (atomic  weight  of 
carbon,  12;  osmium,  191;  tantalum,  183;  wolfram,  184).  These 
metals  can  be  operated  at  a  higher  temperature  than  carbon, 
and  as  lamp  filaments  they  give  a  much  greater  efl&ciency  than 
the  carbon  filament. 

The  efl&ciency  of  the  incandescent  lamp  can  be  improved  by 
replacing  the  carbon  filament  with  a  material  which  has  a  lower 
vapor-tension,  and  a  sufl&ciently  high  melting  point.  Tantalum, 
osmium,  wolfram  or  tungsten  as  materials  for  incandescent- 
lamp  filaments,  promise  to  revolutionize  the  incandescent  lamp, 
by  holding  out  fair  promise  of  an  ultimate  efl&ciency  of  about 
2  watts  per  mean  spherical  candle-power  for  tantalum,  1.5  watts 
for  osmium,  and  1  watt  per  mean  spherical  candle-power  for 
wolfram — compared  with  about  4  watts  per  mean  spherical 
candle-power  for  the  carbon-filament  lamp.  The  objection  to 
these  metal  filaments  ojpviously  is  the  low  resistivity  inherent 
to  metals,  which  restricts  their  use  to  relatively  larger  units 
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or  at  least  makes  difficult  the  production  of  low  candle-power 
sizes  at  customary  voltages. 

Another  way  of  improving  the  efficiency  of  the  incandescent 
lamp  is  by  improving  the  carbon.  The  vapor- tension  depends 
not  only  on  the  chemical  constitution,  but  also  on  the  physical 
structure.  Ice  evaporates  very  much  slower  than  a  mass  of 
loose  snow.  Furthermore,  it  is  possible  to  produce  different 
forms,  possibly  alio  tropic  modifications  of  carbon,  of  different 
rates  of  self-destruction.  The  product  of  carbonization  of  fibre 
or  cellulose  can  not  be  run  at  as  high  a  temperature  with  the 
same  length  of  life,  as  can  carbon  deposited  from  hydrocarbons, 
as  benzol  or  benzine,  by  high  temperature.  Experiments  with 
carbon  at  very  high  temperatures  show  probably  greater  varia- 
tions in  the  character  of  carbon,  than  with  any  other  material. 
Possibly  this  is  due  to  the  tendency  which  the  carbon  atom 
has  more  than  any  other  atom,  of  polymerization,  and  especially 
ring  formation,  which  results  in  the  formation  of  allotropic 
modifications  of  carbon,  having  the  greater  stability  of  such 
polymerized  molecules.  So  at  the  boiling  point  of  carbon,  the 
carbon  deposited  from  hydrocarbons  converts,  under  the  in- 
fluence of  atoms  which  can  enter  and  leave  the  carbon  chain, 
into  an  allotropic  modification  having  pronounced  metallic 
characteristics,  as  elasticity,  a  positive  temperature  coefficient  of 
resistance,'etc.,and  very  great  stability,  so  that  as  a  lamp  filament 
this  form  of  carbon  can  be  run  up  to  a  considerably  higher 
efficiency,  in  the  so-called  "  metallized  filament.** 

III.     Selective  Radiation  of  Solids. 

Most  incandescent  bodies  give  the  same,  or  approximately 
the  same  law  of  radiation,  that  of  the  so-called  "  black  body  **; 
that  is,  at  the  same  temperature  the  intensity  of  radiation  varies 
with  the  wave-length  or  frequency  in  the  same  manner,  some- 
what similar  to  that  shown  by  Curve  I,  Fig.  1  *  with  a  maximum 
at  a  certain  wave-length.  At  higher  temperature.  Curve  II.  a 
similar  intensity  curve  exists,  with  the  maximum  at  shorter 
wave-length,  or  higher  frequency,  so  that  the  intensity  within 
the  visible  range,  shown  shaded  in  Pig.  1 ,  is  a  higher  percentage 
of  the  total  radiation;  that  is,  the  efficiency  of  light  production 
is  higher. 

If,  however,  a  body  could  be  found  which  at  the  temperature 

*  These  curves,  drawn  with  the  logarithm  of  the  frequency  of  radia- 
tion as  abscissas,  are  only  illustrative,  and  not  quantitative  nor  based 
on  experiment,  but  merely   illustrate  the  statements  made  above. 
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corresponding  to  Curve  I,  gives  an  abnormally  low  radiation 
outside  of  the  visible  range,  as  illustrated  by  Curve  III,  or 
which  with  normal  radiation  in  the  invisible  range  gives  an 
abnormally  high  radiation  in  the  visible  range,  as  illustrated 
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bv  Cur\'e  TV,  t^en  in  either  case  the  visible  radiation  would  be  a 
greater  percentajre  of  the  total  radiation  than  corresy^onds  to 
the  temperature;  that  is,  the  efficiciu y  of  Hght  production  would 
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be  higher  than  that  of  a  black  body  at  the  same  temperature. 
Theoretically  such  a  body  with  selective  radiation  might  give 
an  efficiency  higher  than  the  absolute  maximtmi  of  light  effi- 
ciency of  black-body  radiation. 

Either  of  the  two  cases;  abnormally  high  radiation  in  the 
visible,  and  abnormally  low  radiation  m  the  invisible  range, 
may  give  the  same  shape  of  intensity  curve,  the  only  dif- 
ference being  that  in  the  first  case  the  total  radiation  per  unit 
surface  is  higher,  in  the  last  case  lo>ver  than  that  of  a  black 
body  at  the  same  temperature.  That  is,  with  the  same  amount 
of  light  radiation  and  the  same  efficiency,  in  the  last  case  the 
radiating  surface  is  greater  than  in  the  first  case,  and  this  may 
give  a  criterion  to  decide  between  the  two  alternatives. 

With  such  selective  radiation,  there  may  be  a  different  distribu- 
tion ofintensity  throughout  the  visible  range,  and  so  the  color  of 
the  light  may  differ  from  that  of  an  incandescent  body.  With  ab- 
normally high  radiation  in  the  visible  range,  the  increase  of  inten- 
sity is  probably  greatest  in  the  middle  of  the  visible  spectrum ;  with 
abnormally  low  radiation  in  the  invisible,  the  decrease  of  in- 
tensity is  least  in  the  center  of  the  visible  spectrum.  In  either 
case  the  tendency  is  towards  preponderance  of  the  wave-lengths 
in  the  middle  of  the  visible  spectrum;  that  is,  the  greenish- 
yellow,  as  characteristic  of  such  selective  radiation,  and  ap- 
parent in  the  \Velsbach  mantle.  Typical  of  such  selective 
radiation  is  the  lime  cylinder  of  the  calcium  light,  and  possibly 
the  flame  of  burning  magnesium. 

With  gas  as  illuminant,  a  very  great  increase  of  efficiency 
has  resulted  from  the  use  of  selective  radiation;  as  found  in  the 
Welsbarh  mantle. 

In  electric  lighting,  the  Nemst  lamp  probably  represents  the 
first  attempt,  on  a  large  scale,  of  improving  the  efficiency  of 
light  production  by  selective  radiation.  It  has  not  been  as 
successful  as  in  gas  lighting,  since  the  efficiency  of  the  Nemst 
lamp  does  not  differ  much  from  that  of  the  carbon  incandescent 
lamp,  while  the  efficiency  of  the  Welsbach  mantle  is  many  timer 
higher  than  that  of  the  ordinary  gas  flame.  The  reason  probably 
is  that  with  a  very  inefficient  illuminant,  as  the  gas  flame,  the 
additional  light  given  by  selective  radiation  may  increase  the 
total  light  several  fold,  while  the  same  amoimt  of  additional 
selective  radiation  with  a  relatively  far  more  efficient  illu- 
minant, as  the  incandescent  lamp,  is  a  far  lower  percentage  of 
the   total   visible   radiation.     Or,   to  illustrate,   the   additional 
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shaded  area,  between  the  dotted  and  the  drawn  line  in  Curve 
I\,  Fig.  1,  increases  the  efficiency  threefold,  while  the  same 
additional  area,  added  to  the  shaded  area  of  Curve  II,  would 
not  materially  increase  the  efficiency.  That  is,  the  increase 
of  efficiency  by  selective  radiation  of  an  incandescent  body 
becomes  less  with  a  more  efficient  illumin^nt,  and  selective 
radiation  may  greatly  increase  the  efficiency  of  inefficient  illu- 
minants,  but  not  so  much  that  of  efficient  illuminants,  so  that 
the  hope  of  very  greatly  increasing  the  efficiency  of  light  pro- 
duction by  selective  radiation  of  solids  does  not  appear  very 
strong.  However,  some  of  the  recent  very  efficient  incandescent- 
lamp  filaments,  as  timgsten  and  osmium,  may  owe  their  high 
efficiency  partly  to  selective  radiation;  that  is,  may  give  light 
not  only  by  incandescence,  but  also  by  Ituninescence. 

IV.  Electroluminescence  op  Vapors  and  Gases. 
The  problem  of  efficient  light  production  consists  of  producing 
radiations;  that  is,  vibrations  of  the  molecules  or  atoms  of  the 
light-giving  body,  of  frequencies  within  a  Umited  narrow  range, 
that  of  visible  radiation,  and  as  few  vibrations  as  possible 
outside  of  this  range.  When  heating  a  solid  body,  the  energy 
put  into  it  as  heat  sets  the  molecules  or  atoms  in  motion,  in 
vibration.  Where  they  are  close  together,  as  in  a  solid  or 
liquid,  they  cannot  vibrate  freely;  each  cannot  have  a  period 
of  its  own,  just  as  all  the  different  grains  in  a  sand  heap  can 
not  vibrate  simultaneously  as  do  the  molecules  of  a  tuning 
fork,  but  the  vibration  is  irregular.  All  you  can  get  is  a  mixture 
of  all  kinds  of  vibrations:  not  a  tone,  but  a  noise.  To  get  a 
tone  requires  a  body  which  can  vibrate  freely  without  restraint; 
that  means  a  gas ;  as  the  gas  molecules  are  free,  they  can  execute 
free  vibration.  A  vibration  of  a  definite  pitch,  definite  fre- 
quency, that  is  definite  color  of  light  can  be  produced  only  in  a 
gas  or  vapor.  But  when  heating  a  gas  or  vapor,  the  energ}^ 
put  into  it  appears  not  as  vibration  of  the  molecules,  except 
perhaps  indirectly  at  extremely  high  temperature,  but  as  recti- 
linear motion  or  pressure.  The  molecules  move  faster  in  their 
rectilinear  paths,  and  so  strike  the  boundary  at  liigher  velocity; 
the  pressure  of  the  gas  rises  by  increasing  molecular  velocity, 
that  is,  increasing  temperature,  but  the  vibration  of  the  light 
radiation  does  not  api)ear.  So  heat,  while  making  a  solid  or 
liquid  incandescent,  does  not  make  a  gas  incandescent  or  lu- 
minous but  merely  increases  its  pressure. 
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There  are  methods,  however,  of  setting  the  gas  molectdes  in 
vibration.  By  chemical  reaction  or  electric  stress,  gases  become 
luminescent;  that  is,  the  molecules  of  the  gas  are  set  in  vibra- 
tion. For  instance,  if  the  gas  is  used  as  a  conductor  of  electric 
current,  then  the  molecules  of  the  gas  are  set  in  vibration, 
and  we  find  a  definite  period  of  vibration,  or  a  number  of  periods 
or  frequencies,  in  which  the  gas  molecules  or  atoms  can  vibrate; 
that  is,  gases  give  line  spectra.  So  in  a  mercury  arc,  the  mole- 
cules vibrate  not  as  those  of  a  solid  body,  but  only  with  a  small 
number  of  wave-lengths.  Many  of  these  are  within  the  visible 
range,  within  the  fraction  of  an  octave  which  is  seen  by  the 
eye :  one  is  of  a  greenish-yellow ;  another  wave  is  green ;  another 
is  dark-green;  another  is  blue;  two  vibrations  appear  as  violet, 
and  numerous  vibrations  excited  by  the  mercury  arc  are  in 
the  ultraviolet,  very  short. 

Here  results  a  definite  rate  of  vibration,  practically  inde- 
pendent of  the  temperature.  The  mercury  vapor  vibrates  at 
that  frequency  which  gives  that  particular  yellow  light,  and 
that  particular  green  light,  etc.,  whether  the  temperature  is 
high  or  low,  and  the  wave-length  does  not  change  as  it  does 
with  the  radiation  of  a  solid  incandescent  body;  it  is  fixed  by 
the  nature  of  the  molecule,  so  that  the  temperature  has  no 
direct  effect.  It  has  an  indirect  effect  in  so  far  as  at  higher 
temperature,  vibrations  may  become  more  prominent, 
wliich  are  small,  or  almost  non-existing,  at  low  temperatures. 
For  instance,  in  mercury  vapor  the  lowest  frequency  is  that 
giving  the  greenish-yellow  line,  but  no  appreciable  amount  of 
vibration  is  so  slow  as  to  give  red  light  at  ordinary  temperature. 
When  you  raise  the  temperature  very  higli  (but  still  below  the 
temperature  of  the  incandescent-lamp  filament),  then  the 
mercury  molecule  begins  to  execute  a  slow  vibration,  which 
gives  an  intense  red  light,  and  red  lines  appear  in  the  mercury 
arc;  with  increasing  temperature  it  gradually  changes  its 
color  from  green  to  white  to  red.  Here  we  have  a  particularly 
interesting  illustration  that  for  luminescent  vapors  or  gases  the 
law  of  the  black-body  radiation  does  not  apply.  In  a  solid 
black  body,  with  increasing  temperature,  the  mean  wave-length 
decreases,  shorter  waves  appear,  and  the  light  changes  from  the 
red  over  yellow  toward  white.  Now  it  happens  that  with 
mercury  vapor  at  the  higher  temperature,  a  slower  vibration,  or 
longer  wave,  of  red  light,  increases  in  intensity  faster  than  the 
short  vibrations,  and  the  light  changes  from  green  to  white  and 


798  STEIN  MET Z:  TRANSFORMATION  OF  [Nov.  23 

ultimately  to  reddish-pink  at  high  temperature.  *  It  is  a  mere 
incident,  but  it  shows  that  temperature  has  no  effect  directly, 
only  indirectly,  in  that  particular  rates  of  vibration  may  appear 
with  change  of  temperature,  may  become  more  or  less  prom- 
inent, depending  on  the  material  which  luminesces. 

As  a  rule,  then,  it  can  be  said  that  such  an  arc  or  a  luminescent 
gas  or  vapor  is  more  efficient  as  a  producer  of  light,  the  lower 
the  temperature.  This  is  just  the  reverse  of  the  solid  incan- 
descent body.  In  a  soHd  body  the  higher  the  temperature 
the  larger  a  percentage  of  radiation  is  within  the  visible  range, 
and  the  higher  the  efficiency.  In  a  gas  or  vapor,  a  certain 
definite  vibration  is  impressed  directly  by  the  electric  energy 
or  the  chemical  energy  which  sets  up  the  oscillation ;  the  heat 
which  is  produced  is  incidental,  is  a  by-product  and  therefore 
a  waste.  The  lower  the  temperature  the  less  waste  of  energy 
takes  place  as  heat,  and  the  more  efficient  is  the  luminescent 
gas.  With  a  luminescent  gas  the  heat  is  a  by-product  which 
we  want  to  decrease  just  as  in  an  electric  motor  or  generator; 
that  is,  the  lower  the  temperature  the  better.  This  is  one 
reason  why  the  mercury  arc  is  extremely  efficient;  it  has  the 
lowest  temperature. 

Theoretically,  there  is  no  limit  to  the  efficiency  of  a  luminescent 
vapor.  A  vapor  may  be  imagined  which  vibrates  only  with 
one  particular  wave-length,  say  a  yellow  line.  That  means  all 
the  energy  put  into  it  must  be  radiated  at  that  particular  wave- 
length, as  yellow  light,  and  therefore  the  conversion  of  electric 
energy  into  light  would  be  100  per  cent.,  not  counting  the  energy 
lost  by  heat  convection  or  conduction.  The  latter  can  be  made 
very  small  by  enclosure  in  a  vacuiun.  Complete  conversion  of 
electric  power  into  light  would  so  result,  if  all  the  spectrum 
lines  were  within  the  visible  range.  That  is  never  the  case. 
There  is  no  definite  law  giving  the  percentage  of  energy  which 
appears  as  radiation  in  the  visible  spectrum,  and  which  appears 
outside  of  the  visible  range  as  ultrared  and  ultraviolet  lines; 
but  the  position  of  the  lines  in  the  spectnmi  is  an  individual 
characteristic  of  the  gas  or  vapor.  The  problem  of  efficient 
Hght  production  is  to  find  a  material  having  most  lines  in  the 
visible  range  of  the  spectrum. 

With  mercury  vapor  which  is  set  in  vibration  by  the  current, 
a  very  high  percentage  of  the  total  energy  is  radiated  in  the 
visible  range.  With  carbon  vapor,  the  percentage  of  energy 
radiated  in  the  visible  range  is  extremely  small.     The  carbon 
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arc  is  extremely  low  in  efficiency,  practically  non-luminotis. 
Silicon  also  gives  a  practically  non-luminous  arc.  Others,  like 
calcium,  titanium,  etc.,  give  a  very  high  percentage  of  light 
within  the  visible  range,  and  so  a  high  efficiency  of  light  pro- 
duction. 

The  color  of  light  produced  by  incandescence  varies  from 
reddish-yellow  at  low  temperature,  to  yellow,  and  approaches 
yellowish-white  at  higher  temperature.  Selective  radiation  of 
solids  tends  to  superpose  hereon  a  preponderance  of  greenish- 
yellow  rays,  without,  however,  greatly  changing  the  color. 
With  electroluminescence  of  vapors  and  gases,  however,  the 
color  of  the  light  depends  on  which  of  the  spectrum  lines  happen 
to  be  most  prominent. 

Electroluminescence  makes  it  possible  to  produce  light  of  any 
color.  This,  however,  greatly  complicates  the  question  of  ef- 
ficiency. As  efficiency  can  no  longer  be  considered  the  ratio 
of  the  power  radiated  within  the  visible  range  to  the  total  power 
input,  since  the  different  parts  of  the  visible  spectrum  have  entirely 
different  energy-equivalents:  one  candle-power  of  red  light,  or 
of  violet  light,  represents  many  times  more  power  which  issues 
as  radiation,  than  one  candle-power  of  green  or  of  yellow  light. 
That  is,  the  light-equivalent  of  power  is  a  function  of  the  wave- 
length. It  is  obviously  zero  in  the  ultrared ;  it  is  very  low  in  the 
dark-red;  and  gradually  rises  to  a  maximum  in  the  yellow  and 
green,  and  then  decreases  again,  becoming  very  low  in  the  violet, 
and  zero  in  the  ultraviolet.  One  candle-power  per  watt  as  red 
light  or  as  violet  light  may  therefore  represent  a  fairly  high 
efficiency,  while  10  candle-power  per  watt,  with  green  or  yellow 
light,  would  be  a  far  lower  efficiency.  That  is,  the  energy  radi- 
ated in  a  beam  of  one  candle-power  red  light  probably  is  greater 
than  the  energy  of  a  beam  of  10  candle-power  of  green  light. 

This  feature  explains  the  impossibility  of  determining  effi- 
ciencies of  light  by  the  measurement  of  physical  quantities. 
Light  is  the  physiological  conception  of  some  wave-lengths  of 
radiation,  but  no  physical  quantity. 

Where  high  economy  of  light  production  is  the  only,  or  the 
foremost  consideration,  spectra  in  which  green  or  yellow  pre- 
])onderates  are  therefore  selected;  for  instance  as  mercury,  bluish - 
green  in  the  mercury  arc  lamp — or  calcium — yellow^inthe  flame 
carbon  lamp.  These  two  illuminants  give  high  efficiency,  but 
they  give  it  by  sacrificing  the  inefficient  colors  at  the  end  of  the 
visible  range.     But,  unfortimately,  the  sim,  as  an  incandescent 
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body,  gives  the  light  of  solids  or  liquids,  and  therefore  gives 
all  the  radiations,  with  the  red  end  of  the  spectrum  specially 
prominent;  and,  since  we  call  the  sim  white,  the  light  from  the 
mercury  arc  appears  green,  that  of  the  flame  carbon  arc  yellow, 
not  the  yellow  of  the  incandescent  lamp,  but  a  pronounced  mono- 
chromatic hue. 

The  mercury  arc  and  the  flame  carbon  arc  are  xiseful  for  cheap 
lighting,  regardless  of  color.  They  also  find  an  application  for 
special  effects  due  to  their  color.  So  the  mercury  arc  is  eminently 
suited  for  outdoor  lighting  in  suburban  districts  where  its  effect 
on  foliage  and  snow  makes  it  superior  to  illiuninants  containing 
red  rays  and  so  intensifing  the  appearance  of  incipient  death  in 
the  vegetation,  and  where  the  intrinsic  brilliancy  of  illumination 
can  be  kept  sufficiently  low  as  not  to  show  the  objectionable  effect 
of  monochromatic  light.  The  flame  carbon  arc  finds  its  field  in 
advertising,  where  its  intense  glare  makes  it  especially  suitable. 

For  general  illumination,  however,  at  least  in  this  coimtr^-, 
people  have  become  educated  to  require  as  close  an  approach 
to  daylight  as  possible;  that  is,  to  require  white  light.  Tlie 
problem,  then,  is  to  find  a  vapor  which  gives  spectrum  lines 
over  the  whole  visible  range,  distributed  approximately  in  Ve 
same  manner  as  the  intensity  in  the  solar  spectrum,  and  giving 
as  few  lines  as  possible  outside  of  the  visible  spectrum. 

A  substance  giving  spectrum  lines  uniformly  distributed  in 
their  intensity  over  the  whole  visible  range,  should  not  give  white, 
but  a  pronounced  green  light,  due  to  the  higher  physiological 
effect  of  the  radiations  in  the  middle  of  the  spectrum.  By  the 
law  of  probability,  amongst  the  spectra  of  the  chemical  elements. 
the  predominant  energy  of  radiation  should  be  found  just  as 
often  in  one  wave-length  as  in  any  other.  Physiologically,  there- 
fore, green  should  predominate  in  the  colors  of  metal  spectra. 
To  a  certain  extent  this  is  true.  Red  metal  spectra  are  rare, 
green  most  prominent.  Bluish  metal  spectra,  however,  are  much 
more  frequent  than  should  be  expected  by  probability,  and  it 
therefore  seems  that  in  molecular  vibrations  of  vapors,  shorter 
wave-lengths  or  higher  frequencies  predominate.  This  may  be 
due  to  the  size  and  mass  of  the  molecules  being  such  as  to  have 
a  mean  frequency  of  oscillation  higher  than  the  average  fre- 
quency of  visible  light. 

V.  Vacuum-Tube  Illumination. 
Conduction  through  vapors  can  be  of  two  distinctly  different 
characters:  spark  or  Geissler  tube  conduction,  and  arc  conduction. 
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Vapors  or  gases  can  be  divided  into  two  classes:  conducting 
vapors,  and  non-conducting  vapors.  The  conducting  vapors 
are  all  of  very  high  resistance.  Hydrogen  or  air  may  be  called 
a  conducting  gas,  because  a  current  can  be  passed  through  it, 
especially  at  a  moderately  high  vacuum,  as  in  the  Geissler  tube, 
which  is  nothing  more  than  a  tube  containing  the  gas  used  as  a 
conductor,  at  a  few  millimetres  pressure.  At  this  pressure,  r.ir 
becomes  a  fairly  good  conductor,  but  the  resistance  is  very  high 
compared  with  the  resistance  of  conducting  solids  or  liquid. 
The  passage  of  current  through  the  conducting  gas  of  the  Geissler 
tube  produces  light,  by  some  form  of  luminescence. 

The  mechanism  of  this  light  production  does  not  seem  to  be 
known,  but  the  light  seems  to  be  somewhat  of  the  character  of  a 
by-product.  The  Geissler  tube  is  extremely  efficient  when  oper- 
ated with  an  alternating  current  of  very  high  frequency.  With 
decrease  of  frequency,  its  efficiency  decreases  and  heat  is  pro- 
duced ;  that  is,  the  frequency  of  radiation  from  the  Geissler  tube 
seems  to  vary  with  the  frequency  of  the  impressed  alternating 
electromotive  force,  and  have  its  intensity  maximtun  near  the 
visible  range  only  at  very  high  frequency  currents.  The  pro- 
duction of  light  in  the  Geissler  tube  therefore  seems  to  be  connected 
in  some  way  with  the  change  of  electric  stress.  It  is  not  depend- 
ent on  it,  because  even  with  a  steady  current  the  Geissler  tube 
gives  light,  but  its  efficiency  of  light  production  vastly  increases, 
and  the  energ}'  is  converted  more  into  light  and  less  into  heat, 
with  increasing  frequency.  Herein  seems  to  lie  the  great  diffi- 
culty in  this  method  of  producing  light  by  using  conducting 
gases  at  low  pressure. 

Considerable  work  has  been  done  in  this  direction  by  able  in- 
vestigators, and  with  some  success.  The  Geissler  tube  gives  a 
ver>^  nice  light ;  and  by  using  a  suitable  gas  it  can  be  made  to  give 
any  color,  only  the  intrinsic  brilliancy  is  very  low.  Very  large 
tube  surfaces  must  therefore  be  used  for  illumination,  of  a  magni- 
tude probably  a  hundred  times  as  large  as  with  the  merciuy  arc, 
which  latter  is  already  recognized  as  a  luminous  source  of  low 
intrinsic  brilliancy.  In  the  last  years,  even  with  a  frequency  of 
00  (  ycles,  good  efficiencies  seem  to  have  been  reached.  I  do 
not  believe  it  possible,  however,  to  approach  the  magnitude  of 
clTi(  icncy  as  given  by  the  mercury,  calcium,  or  titanium  spec- 
trum. 

VI.  The  Arc. 

In  the  Geissler  tube  the  current  is  carried  by  the  gas  or  vapor 
which  fills  the  space  between  the  electrodes.     The  conduction 
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IS  disruptive  in  character,  or  a  spark  discharge;  that  is,  a  mini- 
mum voltage  is  required.  Below  this  voltage,  no  conduction 
takes  place;  above  it  the  current  passes,  wth  the  appearance  of 
luminescence;  and  if  the  voltage  falls  below  the  minimum  value 
required  to  start  conduction,  the  current  again  ceases.  The 
material  of  the  electrodes  has  no  direct  effect,  but  the  spectrum 
is  that  of  the  gas  between  the  electrodes.  The  character  of  the 
current  also  seems  to  have  no  direct  effect;  alternating  current 
passes  at  about  the  same  voltage  as  direct  current. 

An  entirely  different  set  of  phenomena  is  met  in  arc  con- 
duction. The  electric  arc  makes  its  own  conductor.  That  is, 
the  current  is  carried  across  the  gap  between  the  electrodes 
by  a  vapor-bridge,  produced  by  the  current  from  the  material 
of  the  negative  electrode  and  maintaivied  by  the  current  as  a 
high-velocity  vapor-stream  issuing  from  the  negative  towards 
the  positive,  and  more  or  lees  surrounding  the  positive  terminal. 
The  spectrum  of  the  arc,  therefore,  is  that  of  the  negative  ter- 
minal, but  independent  of  the  gas  or  vapor  filling  the  space 
aroimd  it,  or  of  the  material  of  the  positive  terminal,  except 
indirectly  by  the  effect  of  heat,  etc. 

The  continuous  production  of  the  vapor-stream  requires 
power  in  raising  the  negative  material  to  the  boiling  point, 
evaporating  it,  and  producing  its  rectilinear  velocity.  This 
power  must  be  supplied  by  the  electric  circuit,  as  a  potential 
drop  at  the  arc  terminals,  independent  of  the  length  of  the  arc, 
and  of  the  current — if  the  volume  of  the  vapor-stream  is  assumed 
as  proportional  to  the  current,  which  seems  to  be  the  case. 
This  potential  drop,c?o,  may  be  called  the  coimter  electromotive 
force  of  the  arc. 

The  temperature  of  the  arc-stream,  at  constant  pressure  in 
the  surrounding  space,  must  be  constant,  that  of  the  boiling 
point  of  the  material  of  the  negative  terminal.  The  power 
radiated  per  unit  surface  may  therefore  be  also  assumed  as 
constant,  and  the  total  power  radiated,  and  therefore  the  power 
consumed  in  the  arc  stream,  as  proportional  to  its  surface;  that 
is,  to  the  product  of  length  by  diameter.  Since  the  section  of 
the  arc -stream  can  be  assumed  as  proportional  to  the  current, 
it  follows  that  the  voltage  consumed  by  the  arc -stream  is  in- 
versely proportional  to  the  square  root  of  the  current,  and  ap- 
proximately proportional  tu  the  arc -length,  or,  when  allowing 
for  the  abstniction  of  enerjjv  from  the  arc-stream  by  the  ter- 
minals, proportional  to  the  arc-length  plus  a  small  constant 
quantity. 
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This  gives  the  theoretical  volt-ampere  equation  of  the  arc: 

Giving  the  arc  length  1  in  inches,  numerical  values  of  this 
equation  are: 
Carbon  Arc: 

Vi 
Magnetite  Arc: 

.,=  30-f  l-2^-(^-i^:5^) 

With  zinc  or  cadmium  the  counter  electromotive  force  of  the 
arc  is: 

^0  =  16  volts, 
with  mercuty, 

^0  =  13  volts. 

In  Figs.  2  and  3  are  given  characteristic  curves  for  these  arcs, 
for  2,  4,  8,  16  amperes,  drawn  from  above  equations  with  the 
values  observed  by  test  marked  by  crosses.  As  seen,  the 
agreement  of  the  calculated  curves  with  test  is  as  close  as  can 
be  expected  from  an  approximate  formula,  with  the  exception 
of  the  carbon  arc,  in  which  the  agreement  is  least  close.  In 
the  carbon  arc,  for  short  arc -lengths  the  curves  leave  the  straight 
lines  and  slope  down  toward  a  value  of  about  28  volts  at  zero 
arc -length.  Separating  two  carbon  electrodes  from  each  other 
and  obser\^ing  the  voltage  at  the  moment  when  the  carbons 
leave  immediate  contact  with  each  other  ana  the  voltage  sud- 
denly rises,  or  observing  the  voltage  immediately  before  the 
carbons,  when  shortening  the  arc,  come  in  contact  and  the  volt- 
age suddenly  drops,  also  gives  values  around  28  volts.  This, 
in  connection  with  the  high  value  of  the  constant  c  =  0.33", 
looks  as  if  in  the  carbon  arc  the  seat  of  the  counter  electromotive 
force  e^  is  not  the  immediate  surface  of  the  terminals,  but  a 
part  of  £».„  about  8  volts,  resides  in  the  space  surrounding  the 
electrodes.  This  phenomenon  may,  however,  be  explained  also 
by  encrg\'  transfer  from  the  hot  crater  of  the  positive  terminal 
to  the  negative  terminal  at  a  short  arc -length. 

For  very  low  currents,  where  the  arc-stream  gets  very  thin 
and  unsteady,  and  abnormally  high  energy  losses  may  be 
expected,  the  above  equations  give  small  values;  that  is,  the 
observed  arc-voltage  is  higher  than  the  calculated,  especially 
with  long  arcs.     So  for  the  magnetite  arc  of  one  ampere,  we  find: 
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At  arc-length J  in.    J  in.       1  in. 

Observed  voltage 5S       108       184 

Calculated  voltage 51.5       97.5       159 
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These  equations  obviously  apply  to  the  arc  at  constant  pres- 
sure, as  an  arc  in  air,  in  wliicli  the  arc -section  varies  with  the 
current.  For  an  arc  of  constant  section,  in  which  therefore  the 
pressure  and  the  temj)erature  varies  with  the  current,  as  the 
mercury  arc   in  a   vacuum,   by  similar  considerations   an   ap- 
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proximate  volt-ampere  characteristic  is  found.     This  is  for  the 
mercury  arc: 
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Fig.  3. 


with  non-volatile  positive  terminal,  and: 

1 


^  =  13  -h 


1.68  (i- 0.1141- 


1:3  d^ 


with  mercury  anode,* 


•  The  effect  of  the  anode  material  on  the  arc  characteristic  is  indirect. 
In  the  case  of  the  mercury  anode  the  heat  produced  at  the  anode  causes 
evaporation,  and  increases  the  vapor  pressure  above  that  existing  with 
a  graphite  or  iron  anode. 
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where:  1  =  arc-length, 

d  =  arc-diameter,  in  inches. 

From  the  character  of  arc-conduction — that  the  current 
makes  its  own  conductor — it  follows  that  the  arc  must  be  started ; 
that  is,  the  vapor-bridge  which  carries  the  current  must  first 
be  produced  by  the  expenditure  of  energy,  before  the  current 
can  flow.  This  can  be  done  in  many  ways:  by  bringing  the 
terminals  in  contact  with  each  other  and  so  starting  the  current, 
and  then  by  withdrawing  the  terminals  from  each  other  to  form 
the  arc -stream  by  the  current;  or  by  jumping  an  electrostatic 
spark  across  the  gap  and  so  starting  conduction. 

It  also  follows  that  the  arc  is  a  direct-current  phenomenon, 
and  in  general  can  not  exist  with  an  alternating  current.  With  an 
alternating  electromotive  force,  at  the  end  of  the  half-wave  the  cur- 
rent dies  out  and  therefore  also  the  vapor-stream ;  and  the  next 
half -wave,  to  pass  in  ojjposite  direction,  requires  a  vapor-stream 
moving  in  the  opposite  direction.  This  does  not  exist,  and  the 
current  does  not  pass ;  but  the  arc  dies  out  at  the  end  of  the  half- 
wave,  except  if  the  supply  voltage  is  sufficiently  high  to  jump 
a  spark  across  the  terminals  at  cver>^  half-wave,  through  the 
residual  vapor  left  by  the  preceding  half -wave.  An  alternating 
arc,  therefore,  must  be  at  every  half  wave  in  the  condition  of 
starting  by  a  spark.  Stroboscopic  photographs  with  metal  an  s 
show  this  phenomenon:  a  sharply  defined  static  spark  at  every 
half  wave,  gradually  spreading  out  to  the  more  diffuse  arc- 
flame  and  then  dying  out  at  the  end  of  the  half-wave,  to  start 
again  by  a  spark  at  the  next  half-wave. 

The  voltage  required  to  maintain  the  vapor-stream;  that  is 
the  voltage  consumed  by  a  direct-current  arc,  as  discussed  above, 
increases  with  increase  of  the  arc-temperature;  that  i.>.  increase 
of  the  boiling  point  of  the  terminal  material.  It  is  lowest  for 
the  mercur\'  arc,  highest  for  the  carbon  arc.  For  a  J-in.  arc 
it  is  shown  approximately  by  Curve  I  in  Fig.  4,  with  the  tem- 
perature as  abscissas.  The  voltage  required  to  jump  a  spark 
across  the  gap  l)ctwecn  tcnninals,  shown  roughly  by  Curv^e  II 
in  Fig.  4,*  decreases  with  increasing  temperature,  as  is  well 
known,  and  intersects  Curve  I  at  some  temperature, /I. probably 
somewhere  between   2500^  and  3000°  cent.     Above  this   tem- 

*  This  curve  is  only  estimated,  and  so  can  make  no  claim  to  numerical 
accuracy,  ("un'es  I  and  II.  the  arc-  and  the  spark-curve,  are  shown 
once  more  in  i  scale  (left-side  ordinates?  in  dotted  lines  as  I'  and  II', 
and  the  lower  part  of  II  once  more,  in  ,'«  scale,  as  11''  in  Fig,  4. 
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perature,  the  spark-voltage  is  below  the  arc-voltage,  and  a 
voltage  sufficiently  high  to  maintain  an  arc  is  therefore  suffi- 
ciently high  to  start  it  again  at  each  half -wave  of  alternating  elec- 
tromotive force.     That  is,  materials  as  arc  terminals,  which  have 
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a  boiling  point  above  the  temperature  of  intersection  A  of  Pig.  4 
maintain  a  steady  alternating-current  arc  at  about  the  same  volt- 
age as   a  direct-current  arc;  while  materials  with  a  lower  boiling 
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point  than  A  require  a  higher  voltage,  usually  very  many  times 
higher,  to  maintain  an  alternating,  than  a  direct-current  arc.  It 
must  be  considered,  however,  that  the  temperature  of  the  boiling 
point,  while  being  the  foremost  factor,  is  not  the  only  factor  in 
determining  the  position  of  a  material  on  Curves  I  and  II,  Fig.  4. 
Individual  chamcteristics  somewhat  modify  the  position. 

Where  therefore  spark-gap  terminals  are  desired  not  to 
maintain  an  alternating  arc,  as  for  lightning-arrester  cylinders, 
they  are  foimd  on  the  lower  range  of  the  curve:  mercury,  cad- 
mitmv  zinc,  antimony,  bismuth, — the  so-called  **  non-arcing 
metals;"  Where  electrodes  for  alternating-current  arc  light- 
ing are  required,  they  are  found  at  the  upper  end,  above  A. 
In  this  range  belong  carbon  and  most  carbides,  as  those  of  cal- 
cium and  titanium.  Even  carbon  shows  the  phenomenon  of  re- 
starting at  every  half -wave,  by  a  high  peak  at  the  beginning  of 
the  electromotive  force  wave,  as  shown  first  by  Tobey  and  Wal- 
bridge,  in  a  paper  on  alternating-current  arc  waves.*  With  in- 
creasing approach  to  A,  this  peak  at  the  beginning  of  the  electro- 
motive force  increases  in  height,  and  the  power-factor  of  the 
circuit  tends  to  decrease,  by  wave-shape  distortion.  Imme- 
diately below  the  mtersection  point  A  are  found  very  refractory 
metals  as  tungsten,  and  metaloxides,  as  those  of  titanium,  etc. 

The  range  of  voltage  between  Curves  I  and  II  in  Fig.  4  is  the 
range  in  which  rectification  takes  place.  That  is,  by  main- 
taining the  vapor-stream  issuing  continuously  from  one  ter- 
minal, by  an  outside  source,  or  by  the  overlap  of  several  ores, 
the  alternating  electromotive  force  car  pass  a  current  in  one 
direction  only,  and  so  is  rectified.  In  this  range,  the  arc -stream 
is  a  unidirectional  conductor,  of  very  low  resistance  in  one 
direction,  of  practically  infinite  resistance  in  the  opposite  direc- 
tion. 

The  voltige  range  of  rectification,  then,  is  highest  at  the  lower 
end  of  the  curve,  and  decreases  gradually  to  zero  at  the  point  A, 
With  the  first  members  of  the  group,  the  upper  limit  of  the  rec- 
tification range  is  somewhat  cut  down,  by  the  disruptive  strength 
of  the  air  surrounding  the  arc -stream  being  lower  than  that  of 
the  arc-stream,  and  so  ])assing  a  static  sj)ark  outside  of  the  arc- 
stream,  or,  with  a  vacuum-tube  arc,  l)y  a  Geissler  tube  discharge 
through  the  residual  gas.  In  the  latter  case  the  maximum 
voltage  which  can  be  rectified  depends  upon,  and  measures  the 
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perfection  of  evacuation.     Such  Geissler  tube  discharge  curves 
are  sketched  roughly,  in  dotted  Unes,  as  III,  IIP  in  Fig.  4. 

While  vapors  hke  mercur>%  zinc,  etc.,  are  very  good  conductors 
when  in  motion  under  the  influence  of  the  current,  of  a  conduc- 
tivity comparable  with  that  of  electrolytes;  when  not  imder  the 
influence  of  the  current  they  are  almost  perfect  insulators,  and 
so  can  be  distinguished  from  the  so-called  "  conducting  gases," 
as  hydrogen,  air,  etc.,  as  **  non-conducting  vapors."  Low- 
temperature  metal  vapors  thus  are  non-conductors. 

VII.     The  Arc  as  an  Illuminant. 

The  spectrum  of  the  arc  is  that  of  the  negative  ipaterial;  its 
temperature  that  of  the  boiling  point  of  the  negative.  There 
are,  however,  some  apparent  exceptions.  For  instance,  the  arc- 
stream  can  be  superheated  by  using  a  high-frequency  oscillating 
current  of  sufficiently  high  voltage  to  maintain  an  alternating 
arc,  and  a  frequency  so  high  that  a  sufficient  vapor-stream  can 
not  be  formed  during  the  half-wave.  In  this  case,  groups  of 
spectrum  lines  frequently  become  prominent,  which  are  insig- 
nificant with  saturated  vapor:  the  mercury  arc  becomes  bright- 
re<l  in  color;  the  iron  arc  loses  most  of  its  brilliancy,  but  gives 
a  great  quantity  of  intense  ultraviolet  rays,  etc. 

Likewise,  the  spectrum  of  the  positive,  or  a  constituent  of 
the  positive  terminal,  can  be  made  to  appear  in  the  arc. 
The  tip  of  the  positive  is  heated  to  the  temperature  of  the 
vapor-stream,  in  the  carbon  arc  the  temperature  of  boiling 
carbon.  If  the  positive  terminal  consists  of,  or  contains  some 
material  which  boils  below  the  temperature  of  the  vapor-stream, 
then  it  will  evaporate  out  of  the  positive,  and  may  thus  enter 
the  arc -stream.  For  instance,  in  a  carbon  arc,  or  arc  with 
carbon  as  negative,  if  a  carbon  is  \ised  as  positive,  impregnated 
with  calcium  fluoride  or  borate,  which  has  a  relatively  low 
boiling  point,  then  the  calcium  vapor  enters  the  arc-stream' 
and  is  thereby  heated  to  the  temperature  of  the  carbon  arc.  It 
becomes  luminescent,  whether  directly  by  heat,  or  indirectly 
by  chemical  dissociation,  or  otherwise,  need  not  be  considered 
here.  So  the  efficiency  of  a  carbon  arc  can  be  increased  by 
feeding  into  the  arc-flame  the  vapor  of  some  material  which  gives 
a  brilliant  spectrum — as  calcium,  which  gives  a  yellow  light  of 
very  great  brilliancy.  It  is  fed  into  the  arc  by  the  positive 
terminal,  because  this  is  the  hottest,  and  the  efficiency  depends 
entirely  on  the  temperatiure  of  the  positive.     If  the  positive  is 
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very  large,  so  as  to  keep  cool  and  consume  slowly,  the  efficiency 
decreasss,  because  it  is  produced  only  indirectly  by  material 
being  e\'aporated  from  the  positive  and  then  as  vapor  entering 
the  arc-stream.  Therefore  a  high  temperature  and  rapid  con- 
sumption of  the  positive  are  necessary. 

It  is  entirely  different  with  the  true  luminous  arc,  which  car- 
ries the  light-giving  material  into  the  arc-flame  by  the  electric 
current,  as  the  vapor-blast,  which  carries  the  current.  The 
carlxjn  as  negative  material  is  objectionable,  since  it  gives  the 
non-luminous  carbon  arc.  Iron  appears  to  be  a  very  suitable 
material,  since  it  gives  a  spectrum  extending  over  the  whole 
visible  range.  It  produces  practically  a  white  light.  The  posi- 
tive can  then  be  maintained  cold  without  affecting  the  brilliancy 
or  efficiency  of  the  arc.  The  negative  can  also  be  cooled  without 
appreciable  effect  on  the  efficiency,  since  the  current  still  pro- 
duces the  vapor-blast  from  it,  and  so  the  light.  If  cooled  too 
much  the  voltage  in  the  arc  may  rise  a  little,  because  it  requires 
more  energy  to  produce  the  iron  vapor  from  the  cool  negative 
than  from  the  hot  negative,  but  still  the  efficiency  is  not  much 
affected. 

There  are,  then,  two  distinct  ways  of  producing  luminescence 
of  the  arc:  first,  directly  by  using  some  material  as  negative 
which  gives  a  luminous  spectrum  ;  that  is,  a  spectrum  with  many 
lines  in  the  visible  range,  preferably  covering  this  whole  range, 
to  get  white  light;  secondly,  indirectly  by  using  some  material 
to  carry  the  current  which  gives  a  ver\'  high  temperature  to  the 
arc -stream  —which  means  practically  carbon — and  making  the 
arc -stream  luminous  by  feeding  some  light-giving  substance  into 
the  arc  fnmi  the  positive  terminal.  In  the  former  case  the  arc 
has  the  characteristic  of  the  iron  arc  or  titanium  arc,  whatever 
material  is  used ;  in  the  latter  case,  it  has  the  characteristic  of 
the  carbon  arc. 

Since  the  carbon  arc  is  the  steadiest  arc,  the  most  work 
has  been  done  in  the  latter  direction.  The  fonner  method,  of 
feeding  the  luminescent  material  by  the  current  from  the  negative 
material,  has  the  advantage,  however,  that  the  efficiency  does 
not  depend  on  the  temperature  of  the  electrodes:  the  rate  of  con- 
sumption of  the  negative  electrode  can  thus  be  greatly  decreased 
by  maintaining  it  at  low  temperature;  while  the  positive  elec- 
trode, which  takes  no  part  in  the  arc  conduction,  can  be  made 
entirely  non-consuming.  This  method  seems  to  be  a  more  direct 
conversion  of  electric  power  into  light. 
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These  two  forms  of  arc  have  come  into  prominence  recently; 
the  flame  carbon  arc  and  the  metal  compound  arc;  that  is,  an 
arc  in  which  carbon  is  not  used,  but  some  other  material  which 
gives  a  luminous  spectrum,  as  iron  or  titanium.  In  the  former 
case  the  characteristics  are  those  of  the  carbon  arc.  All  the  ma- 
terials which  can  be  used  to  increase  the  efficiency  of  the  carbon 
arc — calcium  compounds  are  used  almost  exclusively — deposit 
as  solids  after  passing  through  the  arc-flame,  and  therefore  ven- 
tilation must  be  provided  to  carry  off  the  smoke;  that  is,  the 
arc  must  be  a  so-called  "open**  or  "short-burning"  arc.  The  life 
of  the  electrodes  is  about  10  hours.  Flame  carbon  arcs  therefore 
have  short  life  of  electrodes,  though  their  efficiency  is  high. 
Again,  efficiency  has  to  be  balanced  against  life,  or  decreased 
cost  of  power  against  increased  cost  of  electrodes  and  attendance. 
Here  in  the  States  the  short-burning  arcs  for  street  lighting  have 
practically  disappeared.  Indoors  the  excessive  brilliancy  and 
the  smoke  are  objectionable,  so  that  the  flame  carbon  arc  does 
not  offer  much  prospect  for  general  illumination. 

More  prospect  of  success  appears  to  exist  in  the  true  luminous 
arc,  an  arc  using  as  negative  a  material  giving  an  efficient  and 
brilliant  spectrum.  Such  material  should  give  lines  uniformly 
distributed  not  only  in  the  green  or  yellow%  but  over  the  whole 
visible  range,  and  the  material  should  not  be  attacked  in  air, 
even  at  high  temperature.  The  arc  must  be  an  open  arc,  since 
the  material  deposits  as  solid,  and  to  get  electrodes  with  long 
life,  a  material  is  required  which  is  stable  at  high  temperature 
in  the  air. 

There  are  ver}'  many  metals  which  give  luminous  spectra, 
but  those  which  give  white  are  substantially  the  metals  of  the 
iron  group  only — iron,  titanium,  wolfram,  etc. 

Long-burning  quality  requires  a  material  which  is  not  affected, 
or  only  little  affected  by  the  air.  This,  in  general,  excludes  the 
metals ,  but  requires  a  stable  oxide  or  other  fairly  stable  .compound, 
as  some  carbides  are.  It  should  also  be  a  conductor,  since  as  arc 
electrode  it  has  to  carry  the  current.  In  the  intermediate  oxide 
of  iron,  magnetite  (Feg  O4),  a  material  is  found  which  is  a  good 
conductor,  is  stable  at  high  temperatures  as  well  as  at  low  tem- 
peratures and  gives  a  white  spectrum.  In  such  an  electro  lumin- 
escent arc,  any  stable  material  is  suitable  as  a  positive  terminal. 
Copper  is  generally  used  because  it  is  cheap,  is  stable  at  fairly 
high  temperature,  is  a  ver>'  good  conductor  of  heat,  and  when 
heated  by  the  arc   carries  the  heat  away  with  sufficient  rapidity 
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not  to  melt  or  oxidize  appreciably.  In  all  these  arcs  the  vapor 
stream  from  the  negative  is  a  necessity.  In  the  mercury  arc  it  is 
easiest  of  observation,  because  the  arc  is  enclosed  in  a  glass  tube. 

The  amoimt  of  vapor  produced  by  the  current  from  the  nega- 
tive is  usually  many  times  greater  than  necessary  to  carry  the 
current,  and  most  of  it  can  be  condensed  without  any  appreciable 
change  in  the  arc -stream.  So  also  magnetite  consumes  at  a  much 
greater  rate  than  is  necessary,  of  an  order  of  \  gram  per-ampere- 
hour.  This  rate  of  evaporation  is  greatly  reduced  !>y  the  addi- 
tion of  small  quantities  of  a  material  which  is  chemically  not 
much  different  from  magnetite,  but  is  much  more  refractory;  so 
that  at  the  temperature  where  the  magnetite  melts  this  material 
is  still  solid  and  forms  a  kind  of  sponge  in  which  the  melted  mag- 
netite is  held  and  its  consumption  greatly  retanled. 

Magnetite,  however,  while  a  good  conductor  of  the  arc -stream, 
is  not  very  efficient  as  a  producer  of  light,  and  added  thereto 
are  other  materials  which  give  a  very  high  efficiency,  as  titanitun 
compounds. 

In  the  magnetite  arc — as  used  at  present,  that  is,  in  which  the 
magnetite  electrode  contains  titanium  oxide,  etc. — ^magnetite  is 
essentially  the  carrier  of  the  arc  conduction,  just  as  carbon  in 
the  yellow-flame  arc;  titanium  with  its  highly  efficient  white 
spectrum  takes  in  the  magnetite  arc  the  same  place  as  calcium  in 
the  flame  arc,  as  light-giving  substance,  but  titanium  is  carried 
into  the  arc  stream  by  the  current  from  the  negative,  while  cal- 
cium in  the  flame  arc  enters  by  evaporation  from  the  positive. 

The  elimination  of  carbon  in  the  magnetite  arc  excludes  com- 
bustion, and  this  increases  the  life  of  electrodes  to  aoout  twenty 
times  that  of  carbon  electrodes  under  the  same  conditions ;  but 
just  as  with  the  carbon  arc,  the  efficiency  of  the  m.tgnetite  arc 
can  be  varied  over  a  wide  range,  with  a  correspondmg  variation 
of  life  in  opposite  direction.  That  is,  by  sacrincmg  some  effici- 
ency the  life  can  be  greatly  increased,  or  the  efficiency  can  be 
increased  by  somewhat  reducing  the  life,  by  increasing  the 
percentage  of  light-giving  material:  usually  titanium  oxide  in  the 
magnetite  arc,  calcium  fluoride  or  borate  in  the  flaine  carbon  arc. 
In  either  case,  a  very  high  percentage  of  the  light  giving  material 
tends  to  the  formation  of  a  non-conducting  slag  at  the  electrode 
surface,  and  if  the  highest  possible  efficiencies  are  desired — J  watt 
per  candle-power,  and  better — the  effect  of  the  non. conducting, 
or  poorly-conducting  electrode  surface  has  to  be  eliminated,  by 
starting  the  arc  from  the  side  of  the  electrode,  or  some  other 
method. 
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Magnetite,  titanium  oxide,  and  most  metals  or  their  compounds 
are  on  curve  Fig.  4  below  the  intersection  point  A ;  that  is,  do 
not  maintain  a  steady  alternating  arc.  For  alternating  arcs, 
therefore,  one  of  the  materials  is  required  which  is  above  point 
A  in  Fig.  4.  In  this  range,  there  are  carbon,  carbides,  and  similar 
compounds. 

Thus  the  titanium  arc  with  alternating  current  can  not  use 
magnetite  as  carrier,  and  titanium  oxide  as  light-giving  material ; 
but  titanium  carbide  is  used  as  arc  conductor.  It  obviously 
is  not  so  incombustible  as  the  oxide,  but  still  so  much  more  stable 
thrm  carbon  as  to  be  well  within  the  range  of  long-burning  arcs. 

To  conclude,  then,  in  the  luminous  arc  we  seem  to  have  the 
first  instance  of  a  commercial  application  of  a  direct  conversion 
of  electric  power  into  light,  without  heat  as  intermediary  form 
of  energy.  It  is  not  limited  to  very  low  values  of  efficiency. 
Rut  so  far  it  seems  that  only  the  green  mercury  spectrum,  the 
yellow  calcium  spectrum,  and  the  white  titanium  spectrum  offer 
an  efficiency  so  vastly  superior  to  that  of  incandescent  solids, 
that  as  regards  the  efficiency  of  light  production  no  possible  im- 
provement in  incandescent  lighting  could  hope  to  approach  it. 
Typical  of  these  three  most  efficient  spectra  are  the  mercury -arc 
lamp,  of  practically  infinite  life  and  bluish-green  color  of  light; 
tlie  yellow  flame  carbon  arc  of  the  short  life  of  the  open  arc -lamp 
of  old :  and  the  white  titanium  carbide  or  magnetite  arc,  of  a  life 
equal  to  or  greater  than  that  of  the  enclosed  carbon  arc. 


A  paper  presented  at  the  2iitk  Meeting  c/  the 
American  Institute  o/  Electrical  Engineers^ 
Nc-'t    Yorky  Nov.  33^  tqpb. 

Copyright.   190C,  by  A.  1.  E.  E. 


NEW  TYPES  OF  INCANDESCENT  LAMPS. 


BY    CLAYTON    H.    SHARP. 


For  a  number  of  years  the  standard  of  electric  lighting  has  been 
set  by  the  carbon-filament  lamp  consuming  initially  3.1-watts 
per  candle-power.  Progress  there  has  been;  but  it  has  been 
chiefly  in  the  way  of  minor  improvements  in  the  process  of  manu- 
facture, rating  of  lamps,  and  in  the  way  of  a  more  general  adop- 
tion by  electric  lighting  companies  of  the  3.1  watts-per- candle 
lamp.  This  watt-per-candle  consumption  has  been  recognized  as 
the  minimum  practicable  under  good  operating  conditions.  Any 
radical  or  considerable  improvement  in  the  lamp  itself  has  seemed 
improbable  of  attainment.  The  degree  of  improvement  which 
has  been  made  in  the  carbon  filament  lamp  has  been  indicated 
by  (lata  given  by  Mr.  J.  T.  Marshall  in  a  paper  before  the  Frank- 
lin Institute*.  The  continuous  increase  in  the  effective  life  of 
incandescent  lamps  burned  at  3.1-watts  per  candle  between  the 
years  1SS(S  and  1904,  as  given  in  Marshall's  paper,  are  shown 
in  the  curve,  Fig.  1.  The  effective  life  at  the  present  time  is 
seen  to  be  substantially  two  and  one  half  times  as  great  as  the 
life  in  1888.  The  advent  of  the  osmium  lamp  cannot  be  said  to 
have  altered  the  state  of  affairs  materially.  In  spite  of  its  very 
high  efficiency  and  long  life,  this  lamp  seems  precluded  from 
exercising  any  revolutionary  influence  on  lighting  practice,  on 
account  of  its  low  voltage  and  most  of  all  by  the  limitations  of 
of  the  visible  supply  of  the  material  of  which  the  filament  is 
composed. 

Within  the  last  two  years  the  situation  has  altered  materially. 
A  marked  improvement  in  the  process  of  manufacture  of  carbon- 
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filament  lamps  which  has  been  announced  and  described  by  Mr. 
John  W.  Howell  before  this  Institute*  has  resulted  in  the  com- 
mercial production  of  lamps  which  operate  on  a  2.5-watts-per- 
candle  basis  instead  of  a  3.1-watts-per-candle  basis. 
'  A  Geiiiian  firm,  going  back  to  the  class  of  materials  employed 
in  the  earliest  attempt  at  the  manufacture  of  incandescent  electric 
lamps,  has  produced  a  lamp  with  a  wire  of  tantalum  as  the  glowing 
body  and  with  an  efficiency  greatly  in  advance  of  that  of  the 
established  carbon  filament.  More  recently  still,  various  experi- 
menters have  succeeded  in  producing  lamps  with  a  filament  of 
metallic  tungsten  which  carry  the  standard  of  efficiency  to  a  point 
far  beyond  that  obtainable  with  either  carbon  or  tantalum. 
Since  the  graphitized  or  **  metallized  '*  carbon  filament  has 
in  this  country  become  a  regular  commercial  product,  the  pro- 
perties of  which  arc  moderately  well  known,  it  is  deemed  best  in 
this  paper  to  take  up  more  in  detail  the  peculiarities  or  the  pro- 
perties of  the  tantalum  and  the  tungsten  lamps. 

t^ROCESSES    OF    MANUFACTURE. 

It  is  not  necessary  in  this  place  to  go  into  a  discussion  of  the 
processes  of  manufacture  of  the  filaments  of  the  metallized  carbon 
and  of  the  tantalum  lamp,  nor  of  the  appearance  of  the  lamps 
themselves,  since  these  have  become  quite  well  known.  In  the 
case  of  the  tungsten  lamp,  certain  peculiarities  of  the  construction 
are  made  necessary  by  tlie  properties  of  the  tungsten  filament 
itself.  The  metal  tungsten  (Gennan  '*  wolfram  ")  while  ordi- 
narily reckoned  as  one  of  the  rare  elements,  yet  is  from  the  point 
of  view  of  lamp  manufacture  quite  plentiful  enough  for  all 
practical  purx)oscs.  While  its  price  per  pound  is  high,  yet  con- 
sidering the  weight  of  the  metal  entering  into  an  incandescent 
lamp,  it  is  not  especially  expensive.  One  of  its  most  important 
uses  at  the  present  time  is  the  |)roduction  of  tungsten  steel.  The 
metal  is  infusible  by  any  ordinary  process.  The  melting  point 
of  tungsten  filaments  h.is  recently  been  given  by  Waidner 
and  Burgess  j-  at  3200**  cent.  The  metal  is  commercially  ob- 
tainable in  the  fonn  of  a  fine  powder.  Tungsten  does  not 
seem  to  be  ductile,  so  it  is  impossible  to  draw  it  directly  into  a 
fine  wire,  as  is  done  successfully  in  the  manufacture  of  the 
tantalum  filament.  Tungsten  unites  readily  with  oxygen  and 
with   carbon  at  high  temperatures.     These   peculiarities  have 

'  Asheville  Convention  paper,  1905. 

tlilectrical  World,  1900.  vol.  XLVIII,  p.  915. 
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made  the  problem  of  the  production  of  tungsten  filaments  a 
rather  difficult  one.  It  has  been  attacked  from  several  sides, 
and  different  processes  for  the  manufacture  of  tungsten  filaments 
have  resulted  therefrom. 

The  earliest  process  to  be  brought  to  public  attention  was  that 
of  Dr.  Kuzel.  Kuzel's  process  consists  in  the  production  of  a 
colloidal  solution  of  tungsten  by  fonning  an  arc  between  terminals 
of  the  metal  under  the  surface  of  water.  The  colloidal  solution, 
when  it  has  been  brought  to  the  proper  consistency  is  squirted 
through  a  die  into  filaments,  which  after  being  dried  are  con- 
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verted  from  the  colloidal  condition  into  the  crystalline  condition 
by  tlie  passage  of  an  electric  current  through  them.  In  this 
way  the  filament  is  produced  without  introducing  any  carbon, 
which  would  unite  with  the  tungsten  to  form  tungsten  carbide, 
a  compound  which  is  readily  formed  and  which  is  very  detri- 
mental to  the  quality  of  tungsten  filaments. 

Another  process  is  the  substitution  process  of  Dr.  Just  and 
}  I  anaman.  This  process  seems  to  be  very  similar  to  one  patented 
by  Lodyguine  some  ten  years  ago.  In  this  process  a  very  fine 
carbon  filament  is  heated  in  an  atmosphere  of  a  chloride  of  tung- 
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sten  and  hydrogen.  Under  proper  conditions  of  the  experiment, 
tungsten  is  deposited  upon  the  carbon  filament,  the  hydrogen 
acting  as  a  reducing  agent.  By  heating  the  filaments  by  means 
of  a  cujrcnt  the  whole  filament  is  converted  into  tungsten  car- 
bide. The  carbon  made  is  then  removed  from  the  filament  by 
heating  the  same  in  an  atmosphere  of  steam  and  hydrogen.  The 
sieam  is  decomposed,  its  oxygen  uniting  chiefly  with  the  carbon 
of  the  carbide.  Whatever  tungsten  is  oxidized  in  this  process 
is  reduced  again  by  the  hydrogen  which  is  present.  It  is  impos- 
sible to  say  exactly  whether  this  process  is  actually  used  in 
the  manufacture  of  these  lamps  or  not,  though  the  statement 
may  be  made  with  a  reasonable  degree  of  certainity  that  some 
substitution  process  is  used  by  Dr.  Just  and  Hanaman. 

The  manufacture  of  filaments  of  osmium  presented  a  problem 
similar  to  that  of  the  tungsten  filament.  It  is,  therefore,  natural 
that  the  process  of  Dr.  Auer  von  Welsbach  should  by  pro[)er  modifi- 
cation be  adapted  to  the  manufacture  of  tungsten  lamps. 
Experiments  along  this  line  have  been  carried  on  by  the  com- 
panies in  Germany  and  Austria  which  have  been  engaged  in 
producing  osmium  lamps.  To  the  tungsten  lamp  manufactured 
by  the  Osmium  Lamp  Com]:)any  of  Vienna  has  been  given 
the  name  of  the  Osmin  lamp.  The  tungsten  lamp  of  the 
Auer  Company  of  Berlin  is  called  the  Osram  lamp.  While  it 
is  reasonably  certain  that  the  details  of  the  processes  of 
manufacture  of  these  two  lamps  differ  from  each  other,  yet 
they  are  probably  alike  in  their  general  features.  The  method 
consists  in  forming  a  paste  of  finely-divided  tungsten  with 
a  binder  of  organic  material  such  as,  for  instance,  sugar  solution, 
and  squirting  the  same  into  filaments  through  a  die.  The 
carbon  is  then  removed  from  the  filaments  by  heating  the 
latter  in  an  atmosphere  of  steam  and  hydrogen  or  by  the  use  of 
some  similar  process. 

Still  another  tungsten  lamp  is  known  as  the  **Z**  lamp.  The 
process  by  which  it  is  manufactured  involves  also  a  squirting  of  a 
paste  consistinjT  of  finely  divided  tungsten  with  an  organic 
binder,  but  differs  from  the  other  in  the  method  employed  to  re- 
move the  carbon. 

A  well-known  manufacturini^'  company  in  this  country  nas 
announced'''  that  it  is  about  to  put  a  tungsten  lamy)  upon  the  mar- 
ket, made  by  a  process  differing  from  all  those  mentioned  above, 
but  no  information  as  to  the  nature  of  this  process  is  available. 

It  has  also  been  annonuccd  that  Mr.  Jchn  A.  Heany  has  been 

^Electrical  World,  Vol.  XLVIII.  p.  319. 
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successful  in  producing  tungsten  lamps,  but  details  as  to  his 
method  of  operation  are  also  entirely  lacking.  Some  lamps 
made  by  Mr.  Heany  have  been  the  subjects  of  experiments 
made  at  the  National  Bureau  of  Standards.* 

It  will  l)e  seen  from  the  foregoing  that  the  possible  methods 
for  producing  tungsten  lamps  are  probably  quite  numerous,  and 
that  the  prospects  are  that  we  shall  have  in  the  near  future  a 
number  of  competing  processes  of  varjring  degrees  of  merit. 
Time  and  experience  will  be  required  to  show  which  is  best 
adapted  to  practical  application. 

Physical  Characteristics. 

Tungsten  lamp  filaments  manifest  all  the  ordinary  properties 
of  wires  of  pure  metals.  They  have  high  conductivity  and  a 
large  positive  temperature  coefficient.  The  high  conductivity 
of  the  material  requires  that  the  filaments  shall  be  very  fine  and 
quite  long  if  they  are  to  be  used  in  producing  lamps  giving  a 
reasonably  low  candle-power  on  110- volt  circuits.  The  degree 
of  fineness  to  which  it  has  been  possible  to  reduce  these  filaments 
is  indicated  by  the  following  table: 

Diameter 

Tantalum,  110  volt,  22  c-p 0. 052  mm. 

Osmium,  16  volt 0. 103  " 

New 0.1      " 

Afterburning 0.055  " 

Osram,    Afterburning 0.044  " 


z    \   ^ 


A  fine  hair  may  have  a  diameter  of  about  0. 06  mm.  In  view 
of  the  extraordinary  degree  of  fineness  which  has  already  been 
attained  in  the  manufacture  of  these  filaments  it  does  not  seem 
probable  that  very  much  more  can  be  looked  for  in  this  direction. 

Tungsten  filaments,  when  at  the  temperature  of  full  incandes- 
cence, are  quite  soft.  It  is,  therefore,  not  feasible  to  produce 
them  and  mount  them  in  lamps  in  any  other  form  than  in  loops. 
The  result  is  that  the  tungsten  lamp  takes  on  the  appearance 
shown  in  Fig.  2,  which  illustrates  a  110- volt  Osram  lamp.  In 
this  lamp  it  will  be  seen  that  the  filament  consists  of  four  loops. 
The  ends  of  each  loop  are  attached  by  means  of  a  paste  or  by 
actually  fusing  them  fast  by  the  use  of  an  electric  arc  to  wires 
brought  out  from  the  stem  of  the  lamp.  The  stem  of  the  lamp 
is  prolonged  and  carries  at  its  lower  extremity  wires  which  serve 

*  Electrical  World,  loc.  cit. 
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Fig  2. 


as  guides  and  supports  for  the  loops  of  tho  filament.  All  the 
lamps  which  liave  been  exhibited  up  to  the  ]>n'sent  time  have  been 
intended  for  bumint^  only  in  a  jK^ndant  ]>osition.  It  can  be 
stated,  however,  that  by  certain  modifications  in  the  details  of 
construction  lamps  are  now  being  made  which  can  be  burned  in 
any  position      The  first  tunq^sten  lamj^s  produced  were  designed 
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for  low  voltages.  In  consideration  of  the  high  conductivity  of 
the  material,  the  production  of  a  low-voltage  lamp  is  a  more 
simple  problem  than  the  production  of  one  of  higher  voltage, 
since  for  low  voltages  a  shorter  length  of  the  filament  may  be 
employed.  It  would  seem  also  that  it  is  easier  to  produce  a 
lamp  of  high  candle-power  than  of  low  candle-power,  since  a 
stouter  filament  may  be  employed  in  the  high  candle-power 
lamp. 

As  far  as  the  writer  knows,  no  1 10- volt  lamps  have  been  pro- 
duced as  yet  for  lower  candle-powers  than  25  and  no  lamps  have 
been  produced  for  higher  voltages  than  220.  The  fineness  of  the 
110- volt,  125  candle-power  filament  is  such  that  it  would  seem 
to  be  difficult  to  produce  such  a  lamp  as  a  regular  commercial 
article.  The  220-volt  lamps  are  probably  only  experimental  as 
yet.  The  properties  of  the  tungsten  filament  is  such  that  it 
would  seem  to  lend  itself  very  readily  to  the  production  of  most 
excellent  lamps  for  street  lighting  by  the  series  incandescent 
system.  Lamps  for  110  volts  are  likely  to  have  when  commer- 
cially produced  a  watt  consumption  of  50  watts  or  more.  If 
tungsten  lamps  are  to  be  made  for  small  candle-powers,  such  as 
are  commonly  employed  in  domestic  lighting,  they  would 
probably  need  to  be  made  for  50  volts  or  under,  and  consequently 
either  burned  in  series  or  connected  to  low-voltage  mains. 

One  of  the  chief  disadvantages  of  the  tungsten  lamp  lies  in  the 
extreme  fragility  of  its  filament.  Blows  or  shocks  given  to  the 
lamp  are  quite  likely  to  cause  a  rupture  of  the  filament.  A 
ruptured  filament  may,  however,  mend  itself  by  the  parts  welding 
to^^cthcr  once  more,  but  where  the  filament  has  become  welded 
it  is  quite  likely  to  break  loose  again. 

Electrical  Characteristics. 

The  feature  which  differentiates  the  electrical  behavior  of  the 
newer  lamps  from  the  ordinary  carbon  lamp  is  their  positive 
temperature  coefficient.  The  temperature  coefficient  of  the 
ordinary  treated  carbon  filament  has  been  shown  by  Mr.  John 
W.  Howell  to  be  very  nearly  zero  at  the  temperature  of  ordinary 
incandescence.  At  lower  temperatures  its  coefficient  is  negative. 
The  term  "metallized**  has  been  given  to  the  carbon  filaments 
treated  by  the  high- temperature  process  on  account  of  the  fact 
that  these  filaments  at  their  temperature  of  incandescence  have 
a  positive  coefficient.  The  tungsten  and  tantalum  filaments 
have  also  positive  coefficients  which  are,  moreover,  much  larger 
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than  the  positive  coefficient  of  the  "metallized'*  carbon.  The 
temperature  coefficients  of  tantalum,  osmium,  and  tungsten 
filaments  have  been  determined  by  measuring  the  resistance  of 
these  filaments  at  room  temperature  and  again  at  100  degrees 
centigrade.     The  coefficients  as  found  were  as  follows: — 

Tantalum 0.234  per  cent,  per  degree 

Osmium 0.372     **       *'         **     ** 

Tungsten  (Osram  lamp) 0.438     **       "         **     ** 

It  will  be  noted  that  the  temperature  coefficient  of  the  osmium 
filament  corresponds  very  closely  to  the  temperature  coefficient 
of  pure  platinum.  The  temperature  coefficient  of  the  tungsten 
lamp  is  higher  and  that  of  the  tantaliun  filament  is  lower  than  the 
average  coefficient  for  pure  metals.  In  accordance  with  the 
general  law  that  the  presence  of  impurities  reduces  the  tempera- 
ture coefficient  to  a  very  marked  degree,  it  would  appear  that 
the  tungsten  of  the  Osram  lamp  was  very  pure,  while  the  tan- 
talum of  the  tantalvun  lamp  either  contained  some  slight  trace 
of  impurity  or  that  the  metal  was  in  such  a  condition,  due  possibly 
to  crystallization  or  to  lack  of  annealing  that  its  coefficient  was 
abnormally  low. 

The  effect  of  the  positive  coefficient  is  to  give  the  metal-fila- 
ment lamps  considerable  inherent  regulation.  That  is,  the 
change  of  current  through  the  lamp  is  no  longer  proportional 
to  the  change  in  voltage,  but  is  smaller  proportionally  than 
the  change  in  voltage.  Consequently  in  watts,  candle-power, 
and  watts  per  candle  these  lamps  undergo  smaller  changes 
with  the  change  in  the  line  voltage  than  is  the  case  of  the  carbon- 
filament  lamp.  These  characteristics  are  brought  out  in  the 
curves  of  Fii;.  3.  From  the  data  used  in  plotting  the  above 
curves  tlie  following  table  has  been  taken  which  shows  the 
change  in  candle-power  and  in  the  watts  per  candle  of  carbon, 
metallized,  tantalum,  and  tungsten  lamps  with  5  per  cent,  rise  in 
the  voltage. 

TABLE    III. 
Changb  with  5  Per  Cent.  lNCREAt«E  in  Voltage  Above  Normal. 

Can.Jlc-jKjwer  Watls  per  Candle 

Carbon +  30';- ,  — 1«'5% 

Metallized +  27%  —13% 

Tantalum -f  22%  —11% 

Tungsten -f -H)%  —10% 

The  quality  of  the  latnj^s  here  jxnnted  out  is  a  v#ry  valuable 
one   since  it  must  have  two  important  results: 
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1.  The  light  of  the  lamps  is  less  affected  by  bad  regulation 
of  tho  circuit.  This  means  that  with  a  given  degree  of  regulation 
of  the  voltage  on  the  circuit,  the  service  must  be  more  satisfactory 
to  the  user,  and  has  a  direct  bearing  on  the  amount  of  copper 
required    in    feeders. 

2.  The  life  of  these  lamps  is  probably  less  affected  by  the 
momentary  or  even  continued  application  of  excessive  voltages. 


95  100  105 

PERCENTAGE  VOLTS 


Fig  3. 


Another  interesting  consequence  of  the  positive  temperature 
coerticieut  is  that  at  the  instant  of  closing  the  circuit  the  current 
through  a  metallic  filament  is  much  greater  than  it  is  a  fraction 
of  a  second  later  when  the  current  has  had  time  to  heat  the 
filament  to  its  nonnal  temperature.  In  other  words,  there  is  an 
initial  inrush  of  current  similar  to  that  experienced  in  an  arc 
lamp  or  in  a  motor,  but  enduring  for  a  much  smaller  period  of 
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time.  The  l:>chavior  of  the  ordinary  carbon  filament  is  the  re- 
verse of  this.  This  effect  is  clearly  shown  in  the  oscillograph 
curves  of  Fig.  4,  in  which  one  record  shows  the  initial  current 
through  a  carbon  filament  and  tho  other  the  initial  current 
through  a  tantalum  filament. 

The  position  of  the  two  spots  of  light  lx.»fore  the  circuit  was 
closed  is  shown  at  the  right  of  the  figure.  On  closing  the  circuit,  the 
instantaneous  value  of  the  current  through  th<!  tantalum  lamp  is 
very  high,  but  decreases  with  great  rapidity.  The  instantaneous 
value  of  the  current  through  the  carbon  filament  is  much  lower, 
and  gradixally  reaches  its  maximum  value.    The  consequences  of 


Fig.  4. 

this  can  be  ])crceivc(l  by  the  eye.  Since  the  initial  inrush  into 
the  metallized  filament  causes  it  to  come  to  full  incandescence 
much  more  (|uickly  than  does  the  carbon  filament,  the  relative 
sluggishness  of  the  carbon  filament  is  readily  appreciated  by  the 
eye  when  the  metallic  filament  ami  the  carbon  filament  lamp  are 
lighted  up  side  by  side  on  the  same  circuit. 

DiSTRIBUTIO.M    OF    LUMINOUS    INTENSITY. 

The  distribution  of  luminous  intensity  in  the  horizontal  plane 
for  both  tantalum  and  tum^sten  lamps  must  be  on  the  average  a 
circle,  due  to  the  method  of  construction  of  the  lamps.     This 
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circle  contains  in  each  case  a  number  of  narrow  maxima  which 
are  due  to  reflections  from  the  opposite  side  of  the  bulb.  Curves 
of  vertical  distribution  of  a  tungsten  lamp  and  of  a  new  and  an 
old  tantalum  lamp  are  shown  in  Figs.  5  and  6.  The  difference 
between  the  curves  of  the  old  tantalum  lamp  and  the  new  tan- 
talum lamp  brings  out  a  marked  peculiarity  of  the  tantalum  lamp 
when  constructed  with  a  straight-sided  bulb.  It  points  to  a  change 
in  the  spherical  reduction  factor  or  ratio  of  the  mean  spherical  to 


Fig.  5. 


the  mean  horizontal  candle-power  of  the  lamp  during  its  life. 
Such  a  change  is  actually  shown  by  the  lamp.  The  change  in 
vertical  distribution  may  be  traced  to  two  causes;  first,  to  the 
fact  that  during  the  course  of  the  burning  of  the  lamp  a  heavy 
deposit  of  black  material  is  left  on  the  bulb  in  a  zone  of  a  width 
substantially  the  same  as  the  length  of  the  spires  of  filament 
stretched  between  their  support.  This  zone  of  blackening 
decreases  strongly   the   horizontal  intensity  of  the   lamp,  and 
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much  less  strongly  the  intensity  in  the  direction  of  the  tip. 
Hence,  the  candle-power  as  measured  through  the  tip  becomes 
relatively  stronger  as  time  goes  on. 

Another  cause  of  this  change  is  probably  the  increased  rough- 
ness of  the  filament  of  the  lamp.  When  the  lamp  is  new,  the 
filament  appears  as  a  fine  smooth  wire,  looking  like  polished  steel, 
and  showing,  imder  the  microscope,  a  uniform  surface,  except 
for  very  slight  pittings.      A  wire  of  this  sort  would  radiate  very 


rsTST; 
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little  in  directions  nearly  parallel  with  its  length.  The. law  which 
appHes  to  a  body  havini^  a  perfectly  black  surface  is  that  the 
radiation  is  proportional  to  the  cosine  of  the  angle  of  emission 
of  the  rays.  The  radiation  from  such  a  body  as  the  tantalum 
filament  would  decrease  more  rapidly  than  according  to  this 
cosine  law,  consequently  there  would  be  a  deficiency  of  light  in 
directions  not  at  right  an;.^des  to  the  filament.  The  filament, 
however,  becomes  roughened  with  use,  and  the  little  projecting 
surfaces  would  tend  to  increase  the  radiation  in  these  directions. 
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The  spherical  reduction  factors  for  twenty  tantulum  lamps, 
as  shown  in  Table  V  are  extremely  variable,  falling  as  low  as 
0.69  and  rising  as  high  as  0.76.  The  cause  for  this  is  probably  in 
the  difference  in  the  degree  of  polish  of  the  surface  of  the  filament. 
A  lamp  having  a  filament  in  the  form  of  a  straight  cylindrical 
rod  of  perfectly  black  surface  would  show  a  theoretical  reduction 
factor  of  0.785.  Practical  carbon-filament  lamps  never  have 
a  factor  smaller  than  this.  A  lamp  of  this  character  would  give 
no  light  through  the  tip.  The  fact  that  the  tantalum  lamp 
shows  smaller  reduction  factors  than  this  value  indicates 
how  comparatively  feeble  is  the  radiation  of  this  polished  wire  in 
other  directions  than  normal  to  the  surface.  The  value  of  this 
reduction  factor  shows,  however,  a  very  large  increase  during 
the  life  of  the  lamp,  as  is  seen  from  the  table,  the  change  amount- 
ing, in  some  cases,  to  over  30  per  cent.  This  is  leaving  out  of 
consideration  lamps  which  show  an  abnormal  change  in  reduction 
factor,  due  to  short  circuits  among  the  spires  of  the  filament, 
These  changes  represent  the  combined  influence  of  the  roughen- 
ing of  the  filament  and  of  the  deposit  of  the  zone  of  black  on  the 
bulb  so  as  to  intercept  the  horizontal  rays.  An  important 
conclusion  from  the  facts  here  noted  is  that  it  is  absolutely 
necessary,  if  we  are  to  obtain  any  adequate  idea  of  the  perform- 
ance of  the  tantalum  lamp,  to  make  measurements  of  the  mean 
spherical  rather  than  of  the  mean  horizontal  candle-power.  Meas- 
urements of  the  horizontal  candle-power  alone,  the  spherical 
reduction  factor  being  unknown,  are  likely  to  be  misleading 
and  fallacious.  This  is  not  the  case  with  the  carbon  filament, 
in  which  the  spherical  reduction  factor  is  quite  a  definite  and 
unvarying  quantity  for  a  given  type  of  filament. 

**  UsiiFUL  '*  Life  of  Metal-Filament  Lamp. 

It  has  been  customary  to  consider  as  the  useful  life  of  a  car- 
bon-filament lamp  its  life  up  to  the  time  when  its  candle-power 
has  fallen  to  80  per  cent,  of  its  initial  value.  Beyond  this  point 
it  has  been  considered  cheaper  to  discard  the  old  lamp  and  replace 
it  with  a  new  one;  in  other  words,  this  has  been  taken  to  be  the 
proper  "  smashing  point  **  of  the  lamp.  It  should  be  pointed  out 
that  this  relation  docs  not  hold  with  the  metallic-filament  lamps. 
The  smashing  point  of  a  lamp  is  determined  by  considera- 
tions of  initial  cost  of  the  lamp,  the  cost  of  electrical  energy,  and 
the  rate  of  decline  of  the  candle-power  of  the  lamp.  In  the  metal- 
lic filament  lamps  we  have  lamps  of  much  higher  economy,  not 
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only  initially,  but  throughout  their  life;  they  are  lamps  of 
higher  candle-power  and  necessarily  of  higher  initial  cost.  It 
would  seem  that  the  data  at  present  available  regarding  such 
lamps  are  not  sufficient  to  permit  of  the  proper  determination 
of  the  smashing  point.  Certain  it  is,  however,  that  where  such 
lamps  are  used  they  are  likely  to  be  burned  imtil  they  fail.  This 
is  the  condition  which  is  almost  necessarily  brought  about  by 
their  relatively  high  cost. 

A  feature  which  marks  both  the  tantalum  and  the  tungsten 
lamp  is  the  ability  of  the  filaments  sometimes  to  repair  themselves 
after  having  been  broken.  If  the  broken  end  of  a  filament  becomes 
crossed  with  another  portion  of  the  filament  so  that  the  electric 
circuit  is  completed  the  lamp  once  more  lights  up.  In  the  case 
of  the  tantalum  lamp,  a  junction  of  this  kind  may  result  in  a 
very  strong  weld,  so  that  a  point  of  this  sort  does  not  necessarily 
constitute  a  point  of  especial  weakness  jn  the  filament.  Welds 
of  this  sort  between  tungsten  filaments  operates!  at  notmal 
voltages  are  much  less  secure  and  are  quite  liable  to  break  apart. 
After  a  repair  of  this  sort  the  candle-power  of  the  lamps  is  usually 
higher  than  before,  due  to  the  decreased  length  of  filament  which 
the  current  must  traverse.  The  occurrence  of  breakages  and  re- 
pairs accounts  for  irregularities  in  life-test  curves  such  as  are  not 
seen  in  the  curves  of  carbon  filament  lamps.  This  peculiarity 
of  the  metal-filament  lamps  raises  a  question  in  regard  to  proper 
criterion  for  reckoning  the  life  of  such  lamps  when  testing  them 
The  question  is,  should  the  life  of  a  metal-filament  lamp  be 
reckoned  up  to  the  time  when  its  filament  first  breaks  or  should 
the  time  of  final  failure  be  taken?  In  other  words,  should  the 
first  natural  failure  be  consulered  as  terminating  the  useful  life 
of  the  lamps,  or  should  the  useful  life  include  all  the  period  up 
to  the  point  where  it  is  no  longer  possible  by  manipulating  the 
lamp  to  cause  it  to  repair  itself? 

Life  History. 

Some  of  the  earliest  tests  of  tantalum  lamps  made  in  this 
country  showed  a  much  poorer  behavior  than  was  claimed  for 
the  lamp  by  its  makers.  In  those  tests  the  lamps  were  burned 
on  alternating-current  circuits.  Since  there  was  no  reason  to 
suspect  that  the  lamps  were  suffering  on  account  of  incorrect 
voltage  or  rough  handling,  the  conclusion  was  almost  inevitable 
that  the  nature  of  the  current  might  be  influencing  their  life. 
On  trial  it  was  found  that  tests  made  on  direct  current  instead 
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of  alternating  gave  results  which  were  in  general  agreement  with 
those  which  had  been  published  abroad.  Since  that  time  the 
effect  of  alternating  current  in  shortening  the  life  of  a  tantalum 
lamp  has  become  well  recognized.  Since  no  quantitative  data 
have  been  published  showing  the  amount  of  this  effect,  the  fol- 
lowing table  in  which  comparative  values  of  the  life  of  tan- 
talum lamps  on  direct  current  and  on  alternating  current  of 
25,  60,  and  130  cycles  per  second  will  be  of  interest.  The  re- 
sults of  the  130-cycle  test  have  kindly  been  placed  at  my  dis- 
posal by  the  authorities  of  the  Edison  Lamp  Works. 

A  microscopic  examination  of  the  tantalum  filaments,  new  and 
burned  on  direct  current  and  alternating  current  of  different 
frequencies,  is  extremely  interesting.  A  free-hand  drawing  of 
such  filaments  as  seen  under  the  microscope  is  given  in  Fig.  7. 


TABLE  IV 
Mortality  Table — Tantalum  Lamps. 


130  Cycles. 

00  Cycles 

25  Cycles 

Direct 
Current 

1  87  watts 
^)er  candle 

2.49  watts 
per  candle 

3  1  watts 
I)er  candle 

Rated 
volts 

Rated 
volts 

Rated 
volU 

Numl)er  of  lamps       .... 

10 

10 

10 

15 

16 

20 

First  bum-out 

34  hr. 

92  hr 

110  hr 

23  hr 

177  hr. 

180  hr. 

r>{)%  bumccl  out 

114  '• 

167  " 

238 

118  •• 

271   •' 

641  " 

ion' ;,  V)urnc(J  out 

290  '• 

335    * 

447    • 

476    • 

641   •• 

T(»l.'il  hours  of  test.      ... 

290  " 

335  •• 

447  • 

397  • 

641   •• 

776  " 

.Xvirav^^e  life  of  Kroup   .  . 

122  *' 

203  •• 

248 

151   •• 
(est) 

324  " 

606  *• 
(est) 

It  will  be  seen  in  this  figure  that  the  unused  filament  is  smooth 
and  polished  with  only  slight  pittings  on  the  surface.  The  fila- 
ment which  has  been  burned  on  direct  current  is  much  less  regu- 
lar; its  surface  shows  deeper  pittings  and,  in  places,  it  is  cut  and 
notched  as  if  with  a  knife  blade.  Some  parts  of  the  filament  are 
much  more  irregular  than  others.  The  filament  on  25  cycles 
shows  still  stronger  markings  of  the  same  character  as  shown  on 
the  direct  current,  but  shows  also,  in  places,  a  jointed  structure 
looking  like  the  jointed  structure  observable  sometimes  in 
basaltic  rocks.  This  latter  effect  is  even  more  marked  in  the  case 
of  the  filament  which  has  been  run  on  60  cycles.  Here,  parts 
of  the  filament  look  as  if  they  were  made  up  of  blocks  which  had 
been  irrej^'iilarly  ])iled  one  on  the  other.  The  length  of  these 
jointed  sections  in  the  filament  is  about  equal  to  the  diameter  of 
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the  filament  itself.  It  looks,  in  some  places,  as  if  one  of  these 
sections  had  been  almost  expelled  from  the  row.  The  appearance, 
too,  is  very  much  as  if  where  these  joints  occur,  the  filament  had 
actually  separated  and  had  welded  itself  together  instantly. 
The  filament  which  had  been  operated  on  130  cycles  had  the 
same  appearance,  perhaps  somewhat  exaggerated.  In  short,  the 
increased  wear  and  tear  of  the  filament,  due  to  the  use  of  the 
alternating  current,  is  very  apparent.  The  reason  for  it.  how- 
ever, is  obscure.  The  conclusion  is  inevitable  that  this  lamp  at 
the  present  time  is  essentially  a  direct-current  lamp. 

No  such  effect  is  observable  with  the  tungsten  lamps.     Tests 


ALTERNATING  CU;{RENT  60  rv/  1^7  HOURS 


ALTERNATING  CURRENT  25  '^  467  HOWRS 


DIRECT  CURRENT  492  HOURS 


NEW  LAMP 

THE  TANTALUM  FILAMENT 


Fig   7 


of  the  Electrical  Testing:  Labonitories  show  quite  definitely  that 
their  life  on  direct  current  and  alternatini;  rurrent  is  the  same. 
This  has  also  been  proved  by  elaborate  experiments  to  be  true  of 
carbon  filaments. 

The  results  of  tests  of  20  tantalum  lamps  of  (lerman  manu- 
facture on  direct  current  are  given  in  Table  V.  From  these  data 
the  curves  of  Fig.  8  have  been  ] ^lotted. 

Pig.  9  gives  the  average  values  of  liorizontal  candle-power, 
watts,  and  watts  per  candle  of  the  above  lamps  and  it  serves  to 
show  graphically  the  distribution  of  failures  of  the  individual 
lamps. 
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Representative  lamps,  the  performance  of  which  may  be  con- 
sidered to  be  characteristic  of  the  20  tantalum  lamps,  have  been 
selected  from  among  the  above.  Data  on  these  lamps  are  given 
in  Table  VI  and  are  plotted  in  Fig.  10. 

From  the  foregoing  data  it  will  be  seen  that  the  life-history 
of  tantalum  lamps  is  characterized  by  a  large  initial  increase  in 
candle-power  and  a  corresponding  decrease  in  watts  per  candle, 


TOO 


Fig.  9. 


tne  extreme  values  bein<T  reached  at  the  end  of  about  25  hours. 
From  this  point  on,  the  candlc-i)o\vcr  decreases  at  a  moderaU^lv 
rapid  rate  and  the  watts  per  candle  increase.  The  rate  of  decline 
of  the  mean  horizontal  can(lle-]^ower  is  more  rapid  than  that  of 
the  mean  s[)herical  candle-power,  for  the  reasons  j^iven  above. 
The  result  of  the  relatively  slow  decrease  of  mean  spherical 
candle-j)OWcr  with  a  lan^e  initial  increas(\  is  that  in  some  cases 
the   fmal   mean   spherical   candle-j'ower  of  a   lamp   is   actually 
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greater  than  its  initial  mean  spherical  candle-power.  For 
purposes  of  ready  comparison,  life  curves  of  representative 
tantalum  and  of  a  carbon  lamp  burned  at  3.1  watts  per  candle 
are  shown  in  Fig.  11.  The  candle-power  of  both  is  on  a  mean 
spherical  basis.  The  exaggerated  initial  rise  of  the  candle- 
power  of  the  tantalum  lamp  is  very  apparent.  Curves  for  watts 
per  spherical  candle-power  give  an  opportunity  for  a  comparison 
of  the  relative  electrical  economy  of  the  two  kinds  of  lamp. 

Results  of  tests  of  tungsten  lamps  made  in  various  laboratories 
are  given  below.  The  data  on  some  of  the  makes  of  tungsten 
lamps  are  extremely  meager,  a  circimistance  which  in  some  cases 


TABLE  VI. 
Rbpresbntativb  Tantalum  Lamps.     Data  on  Lamps  Nos.  I 


)  AND  53. 


Initial  candle-power 

Peak  candle-power 

700-hr    candle-power 

Average  candle-power  to  700  hours 

T-»  J     •        mfx^  X.  {  From  Initial , . . 

Decrease  c-p.  during  700  hours  -'  „     , 

*^  ^  From  Peak .  .  . . 

Rate  of  decrease  per  100  hours  \  From  Initial . . . 
during  700  hours  "^  From  Peak .  .  .  . 

Initial  reduction  factor 

Reduction  factor  at  635  hours 

Average  watts 

Initial  watts  per  candle 

Watts  per  candle  (peak) 

Watts  per  candle  (700  hours) 

Averaj^e  watts  per  candle 


Mean  Horizontal 

Mean  Spherical 

Lamp 

Lamp 

Lamp 

Lamp 

No   69 

No  53 

No.  69 

No.  53 

24.2% 

21.1% 

17  1% 

16.1% 

31  .6% 

29.9% 

22.5% 

22.9% 

17.3% 

17.8% 

16  0% 

15.4% 

21.2% 

21 .7% 

17.1% 

17.6% 

28.5% 

15.6% 

6.4% 

4.4% 

45.3% 

40.5% 

28.9% 

32.7% 

4  07% 

2.23% 

0.91% 

0.63% 

6  47% 

5.79% 

4.13% 

4.67% 

0.764 

0.707 

0.8:6 

0.902 

46.6 

45  8 

46.6 

45.8 

1   98 

2  17 

2.80 

2  84 

1.52 

1   59 

2  12 

2  07 

2  61 

2  50 

2  82 

2  90 

2  20 

2  11 

2  70 

2  60 

is  believed  to  correspond  to  a  backward  state  of  their  commercial 
development.  Fig.  12  gives  the  results  of  tests*  of  two  Kuzel 
lamps  of  approximately  30  volts  and  11.5  candle-power,  made  at 
the  Technologisches  Gewerbe-Museum  in  Vienna.  These  lamps 
consumed  approximately  1.25  watts  per  candle  initially.  One  of 
them  reached  the  extraordinary  life  of  3,537  hours,  with  a  de- 
crease in  candle-power  of  about  10  per  cent.  The  filaments  in 
both  the  lamps  were  burnt  through  and  repaired  once  in  the 
course  of  their  life.  The  result  of  the  repair  was  an  increased 
candle-power*  which  is  shown  clearly  on  the  curve. 

ICrcnienczky  "  Elektrotechnik  und  Maschiaenbau, "  1906,  No.  6. 
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The  average  result  of  tests  of  three  Osmin  lamps  of  55  volts 
and  44  candle-power  are  shown  in  Fig.  13.  These  tests  were 
made  in  the  laboratory  of  an  electrical  company  in  Vienna.  The 
lamps  showed  a  life  of  1,200  hours  and  a  decrease  in  candle- 
power  of  14  per  cent,  in  that  time.     The  results  of  a  test  of  three 


Fig.  10. 


Osmin  lamps  of  55  volts  made  at  the  Municipal  Electricity 
Works,  Vienna,  showed  an  initial  candle-power  of  27.3  and 
initial  watts  of  candle-power  c^f  1.2.3.  After  2.239  hours  of 
bumin;^  the  candle-power  was  23.4  and  the  watts  per  candle  1.45. 
Six  54-volt  Osmin  lamps  tested  at  the  Technologisches  Gewerbe- 
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Museum  consumed  initially  1.17  watts  per  candle.  After  1,776 
hours  the  watts  per  candle  were  1.24.  The  candle-power  of  these 
lamps  is  not  given  in  the  report.  It  should  be  noticed  that  all 
the  above  lamps  are  low-voltage  lamps,  from  which  a  better 
result  is  to  be  expected  than  from  1 10- volt  lamps. 


Fig.  U. 


The  results  of  tests  made  at  the  Reichsanstalt  of  16 
Osram  lamps  of  from  117  to  111  volts  and  25  to  30  candles  are 
shown  in  the  curves  of  Fig.  14.  This  test  extended  for  1000  hr. 
In  the  course  of  that  time  5  out  of  a  total  of  16  lamps  had  failed, 
while  11  lamps  were  still  burning.     The  characteristics  of  the 
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lamps  seem  to  be  a  moderate  initial  rise  in  candle-power  and  a  very 
slow  subsequent  rate  of  decline. 

Fig.  15  shows  average  values  of  candle-power,  watts,  and 
watts  per  candle  of  eight  117-volt  lamps  from  among  those  given 
in  the  above  tests. 

In  Fig.  16  arc  shown  the  individual  curves  of  six  Osrana  lamps 
of  32,  35,  and  45  c-p,  tested  at  the  Electrical  Testing  Laboratories. 
The  results  of  these  tests  differ  from  the  results  of  the  Rcich- 
sanstalt  test  in  that  they  show  practically  no  initial  rise  in  candle- 
power.     The  decrease  in  candle-power  of  the  lamps  throughout 
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life,  however,  is  very  slow.  The  watts  per  candle  are  also  almost 
constant.  The  life  of  the  lamps  was  on  the  average  considerably 
shorter  than  the  life  of  those  tested  at  the  Reichsanstalt. 

Candle-power  curves  of  eleven  tungsten  lamps  of  quite  another 
foreign  make  as  tested  at  the  Electrical  Testing  Laboratories  are 
shown  in  Fig.  17.  These  lamps  exhibit  a  very  large  initial  in- 
crease in  candle-power,  followed  by  a  practically  constant  condi- 
tion. The  average  life  is  also  much  shorter  than  in  the  case  of 
the  Osram  lamp. 

The  curv'es  of  Fig.  IS,  furnished  by  courtesy  of  Mr  John.  W. 
Howell,  are    of  particular   interest    since  they    show    the   per- 
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formance  of  lamps  made  in  this  country.  These  lamps 
were  tested  at  an  average  initial  consumption  of  0.99  watts  per 
candle.  Their  average  life  was  3G3  hours  even  at  this  high  initial 
efficiency,  and  the  average  decrease  in  candle-power  was  17.7  per 
cent.  These  curves  demonstrate  that  incandescent  lamps  can  be 
produced  which  will  operate  successfully  at  one  watt  per  candle 
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Fig.  13. 


and  will  give  a  satisfactory  life.     The  candle-power  of  these 
lamps  averaged  about  40. 

The  successive  changes  in  the  operating  regime  of  incandescent 
lamj:>s  represented  by  the  decrease  in  watts  per  candle  from 
3.1  to  2.0  and  1.25  as  in  the  tantalum  and  tungsten  lamps,  mark 
a  prodi^^nous  advance  in  the  art  of  electric  lighting.  How  great 
this  advance  really  is  is  illustrated  more  strikingly  if  we  consider 
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the  relative  life  of  these  lamps  burned  at  the  same  initial  watts 
per  candle  as  the  tungsten  lamp  normally  consumes.  The  re- 
sults of  a  life  test  conducted  on  this  basis  are  given  in  Fig.  19. 
The  effective  life  to  80  per  cent,  of  initial  candle-power  of  the 
carbon  lamp  was  2  hr.  and  38  minutes;  of  the  tantalum  lamp. 


I'^T^T"^"!   T  ~i    i    1    I    I    I    [    r    ^^ 


HOURS 


Fig.  14. — -Candle-power  Curves  of  Life-Test  of  Tungsten  Lamps,  Made 
by  Physikalish-Technische  Reichsanstalt  on  Alternating  Current  and 
Reduced  to  British  Units. 


52  hr,  while  the  tunij^stcMi  lamp  was  buminj^  with  practically 
unchanged  candle-power  after  the  test  had  continued  more 
than  700  hr. 

Color  of  Light  and  Efficiency. 
The  color  of  the  light  from  the  tantalum  lamp  is  whiter  than 
th&t  of  the  carbon  lamp,  and  the  color  of  the  tungsten  lamp  is 
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Still  whiter  than  that  of  the  tantalum  lamp.  The  light  of  the 
tungsten  lamp  resembles  quite  closely  that  of  the  acetylene  flame. 
The  increased  whiteness  of  the  light,  which  is  produced  evidently 
largely  as  a  temperature  effect  and  which  does  not  involve  a 
preponderance  of  certain  colors,  such  as  green  or  violet,  consti- 
tutes a  point  of  real  superiority  in  the  tungsten  lamp.  Time  has 
been  lacking  to  make  a  regular  spectro-photometric  study  of 
these  lamps.     A  simple  experiment,  however,  has  been  made 
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Fig.  15. 

which  gives  some  idea  of  the  increased  radiation  of  the  shorter 
wave  lengths,  both  of  tungsten  and  tantalum  lamps,  as  compared 
with  the  carbon  lamp  at  3.1  watts  per  candle. 

The  metal-filament  lamps  where  photometered  against  the  3.1- 
carbon  lamp  directly  and  then  with  a  red,  green,  and  blue  glass 
interposed  between  the  eye  and  the  eye-piece  of  the  photometer. 
The  intensities  so  measured,  expressed  in  percentages  of  the 
intensities  measured  without  colored  glasses,  are  given  in  the 
following  table: 
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Table  VII 

Tantalum         Tungsten 

Lamp,  Lamp. 

Total  light 1007o  lOOfc 

Red  light 90.5  83.0 

Green  light 100.3  101 .8 

Blue  light 109  .2  126. 5 

The  increased  whiteness  of  these  lamps  may  theoretically  be 
due  either  to  higher  temperature  of  the  filament  or  to  selective 


'AM)  4JV> 

HOURb  LIFE 
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radiation  by  the  Hlaiuciit.  Recent  work  ot  Waidner  and  Bur^ 
gess  indicates  that  while  the  increase  in  the  efficiency  of  tantalum 
and  tungsten  lamps,  as  compared  with  the  carbon  lamp,  is  to 
some  extent  due  to  the  selective  character  of  their  radiating 
power,  yet  the  chief  cause  of  the  increase  is  the  higher  tempera- 
ture at  which  it  is  practicable  to  operate  them.  The  higher 
temperature  causes  the  maximum  of  the  spectral  energy  cur\*e  to 
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be  shifted  toward  the  shorter  wave-lengths,  and  consequently  a 
higher  percentage  of  the  total  radiation  is  emitted  in  wave- 
lengths which  are  capable  of  exciting  vision. 

Flickering  on  Alternating  Current. 
It  has  been  established  as  a  result  of  practice  that  in  general  it 
is  not  possible  to  operate  incandescent  lamps  on  25-cycle  current 
with  satisfactory  results.     This  statement  is  made  with  a  knowl- 
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edp;c  of  the  fact  that  in  certain  cities  a  large  amount  of  lighting 
is  actually  being  done  on  25-cyclc  circuits.  Yet  under  some 
circumstances  25-cycle  current  produces  such  marked  flickering 
of  incandescent  lamps  that  its  use  is  absolutely  impossible. 
It  is  an  interesting  question  whether  the  tungsten  lamp  presents 
any  advantages  over  the  carbon  lamp  for  use  on  low-frequency 
circuits.     Its  positive  temperature  coefficient  and  the  relatively 
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low  radiating  power  of  its  surface  would  tend  to    reduce    the 
flickering,  while  the  extreme  fineness  of  the  filaments  which  re- 
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suits  in  a  smaller  thermal  capacity  and  the  hi^h  thermal  con- 
ductivity which,  as  a  metal  it  probably  possesses,  would  tend  to 
increase  the  flickering.     A  few  preliminary  tests  have  been  made 
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in  an  attempt  to  gain  some  information  on  this  question.  It 
was  very  quickly  discovered,  however,  that  the  question  is  so 
very  complicated  that  a  considerable  research  will  be  required 
to  ascertain  definitely  the  facts  of  the  case.  Eleven  ttmgsten 
lamps  were  attached  to  the  ceiling  of  a  small  room,  producing  a 
brilliant  illumination  in  the  room.     Three  observers  attempted 
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to  determine  the  presence  or  absence  of  flickering.  With  the 
lamps  at  their  normal  voltage  of  1 15  and  with  a  frequency  of  25.5 
cycles  per  second,  L.  found  the  flickering  marked;  M.  found  the 
flickering  marked;  S.  could  see  a  flickering  intermittently,  as 
when  his  head  was  moved  suddenly.  With  the  same  lamps, 
but  with  the  voltage  reduced  to  100,  the  flickering  was  imper- 
ceptible to  all  the  observers 
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As  the  voltage  was  raised  successively  to  105  and  110  volts  the 
flickering  became  perceptible.  When  five  of  the  lamps  were  re- 
moved, leaving  only  six  lamps  in  position,  it  was  the  consensus 
of  opinion  of  the  three  observers  that  the  flickering  was  less 
marked  than  when  all  the  lamps  were  in.  In  other  words,  the 
intensity  of  the  sensation  of  flickering  seems  to  be  a  function  of 
the  illumination.  The  flickering  was  imperceptible  when  looking 
directly  at  the  lamps,  but  could  be  observed  only  through  light 
which  is  not  focused  directly  on  the  fovea  of  the  eye.  To  in- 
stitute a  comparison  between  the  flickering  of  the  tungsten  lamps 
and  of  carbon-filament  lamps,  two  procedures  may  be  taken. 

1.  To  take  a  sufficient  number  of  carbon-filament   lamps    of 
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candle-power  comparable  to  the  candle-power  of  the  tungsten 
lamps,  lamp  for  lamp. 

2.  To  take  a  sufficient  number  of  carbon-filament  lamps 
having  a  filament  of  approximately  the  same  diameter  as  the 
diameter  of  the  tun.qsten  filament. 

The  numbers  (.)f  the  carbon-filament  lamps  must  be  so  chosen 
as  to  give  substantially  the  same  amount  of  li<^ht  as  the  tungsten 
lamps  The  first  of  the  two  above  altemativt'S  was  chosen  for 
a  comparative  test.  That  is  to  say,  twelve  32-c-p.  carbon  lamps 
were  substituted  for  the  1 1  tungsten  lam])S.  These  were  operated 
at  3.1  watts  ])er  candle.  At  the  same  frequency  as  was  used  for 
the  tungsten  lamps,  no  flickering  could  be  observed.  This  is 
not  a  surprising  result,  since  the  diameter  of  carbon  filaments  U 


1900.] 


SHARP:  INCANDESCENT  LAMPS, 


845 


much  greater  than  the  diameter  of  the  tungsten  filaments,  and 
consequently  their  thermal  sluggishness  is  a  much  more  important 
factor. 

In  view  of  the  very  considerable  advantages  which  would 
be  gained  if  it  could  be  shown  that  it  is  feasible  to  operate  in- 
candescent lamps  on  alternating-current  circuits  of  frequency 
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low  enough  to  permit  of  the  easy  operation  of  synchronous 
converters,  that  is  to  say,  a  frequency  of  25  cycles  or  slightly 
greater,  the  question  of  the  variation  of  the  light  of  incandescent 
lamps  during  a  half  cycle  of  the  alternating  current  has  also  been 
subjected  to  an  experimental  investigation  by  the  use  of  a  stro- 
boscope.    To  the  axis  of  a  small  synchronous  motor  was  attached 
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a  disc  with  narrow  radial  slots  cut  in  it,  one  for  each  pole  of  the 
motor.  The  lamp  was  placed  behind  this  disc,  while  close  to  it 
and  in  front  of  the  disc  a  suitable  photometer  was  arranged. 
The  motor  was  driven  from  one  of  two  alternators,  having 
their  shafts  coupled  together,  and  the  lamp  was  supplied  from 
the  other  alternator.  The  phase  of  the  current  passing  through 
the  lamp  with  respect  to  the  current  in  the  motor  could  be  shifted 
through  known  angles  by  shifting  the  armature  ring  of  one  of  the 
coupled  generators.  This  generator  arrangement,  which  was 
planned  originally  chiefly  for  meter  tests,  proved  itself  to  be 
extraordinarily  convenient  for  such  stroboscopic  measure- 
ments as  are  here  described.  With  the  use  of  this  arrange- 
ment, curves  have  been  plotted  showing  the  variation  in  the 
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intensity  of  the  incandescent  lamps  as  the  current  through  the 
lamp  rises  from  zero  to  its  maximum  value  and  decreases  to  zero 
once  more.  A  set  of  curves  of  this  kind  relating  to  the  metallized- 
filament  lamp  operated  at  2.5  watts  per  candle,  are  reproduced 
in  Fig.  19  and  serve  to  illustrate  the  nature  of  the  data  obtained. 
Similar  curves  were  obtained  for  ordinary  8-  and  16-  c-p.  lamps, 
operated  at  a  series  of  different  values  of  the  watts  per  candle. 
To  discuss  these  results,  the  percentage  variation  of  the  light 
of  the  lamp  per  cycle  was  taken  under  all  the  different  conditions. 
These  percentage  variations  were  plotted  in  curves  sho\\Ti  in 
Figs.  20  and  21,  using  frequencies  as  abscissas.  The  curves  so 
obtained,  while  exhibiting  certain  irregularities  due  to  experi- 
mental difficulties,  are  fairly  concordant  and  exhibit  to  a  com- 
mon character.  The  perccntai:^e  variation  seems  from  these 
curves  to  be  expressible  by  two  linear  relations,  with  a  point  of 
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sharp  curvature  occurring  between  25  and  30  cycles  per  second. 
That  is,  as  the  frequency  is  increased  from  15  to  25  cycles  the 
diminution  in  flicker  is  very  rapid.  Above  30  cycles  the  diminu- 
tion in  flicker  is  very  slow.  Since  it  has  been  fotmd  possible  in 
some  places  to  operate  incandescent  lamps  on  25  cycles,  it  would 
seem  probable  that  a  comparatively  small  increase  in  the  fre- 
quency, which  would  carry  the  lamps  beyond  this  apparently 
critical  point  in  the  curve,  might  make  feasible  the  general 
operation  of  incandescent  lamps  from  alternating-current  power 
circuits. 

Similar  tests  to  the  above  have  been  carried  out  on  a  40-watt, 
35-c-p,  115-volt  Osram  lamp.  The  results  of  this  test  as  shown 
in  Fig.  22  indicate  that  the  stroboscopic  variations  of  a  tungsten 
lamp  of  this  size  are  not  much  different  from  those  of  an  ordinary 
lamp  rated  as  an  8-c-p.  lamp  when  forced  to  2.5  watts  per  candle. 
The  stroboscopic  measurements,  however,  may  be  subject  to 
certain  ones  of  the  difficulties  which  affect  the  detection  of 
flicker  by  the  eye.  In  other  words,  the  degree  of  intensity  of 
the  light  upon  the  photometer  disc  may  have  an  influence  on 
the  results  obtained.  However,  if  the  results  of  this  preliminary 
test,  which  has  been  made  in  a  very  limited  time  for  the  pur- 
poses of  this  paper,  can  be  confirmed  by  later  and  more  careful 
experiments,  the  tungsten  lamp  will  be  found  to  be  less  adapted 
to  use  on  alternating  circuits  of  low  frequency  than  the  standard 
lamp  of  to-day. 

Conclusion. 

From  the  data  given  above  it  seems  certain  that  the  electric 
lij^^hting  industry  is  face  to  face  with  a  change  of  almost  revolu- 
tionary character.  The  standard  of  incandescent  lighting 
efTiciency  will  be  brought  by  the  tungsten  lamp  to  a  point  about 
three  times  as  high  as  it  is  at  present.  The  efficiencies  of  all 
other  incandescent  lamps  and  of  enclosed  arc  lamps  are  exceeded 
by  that  of  the  tungsten  lamp.  In  other  words,  with  the  possible 
exception  of  some  forms  of  vacuum-tube  lighting  and  of  the 
magnetite  and  flaming  arc  lamps,  the  tungsten  lamp  is  the  most 
efficient  electric  illuminant.  Combined  with  its  virtue  of  high 
efTiciency  it  has  the  other  advantages  of  incandescent  lamps  in 
being  perfectly  simple  in  its  character  and  construction  and  in 
being  capable  of  subdivision  into  small  imits. 
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Discussion  on  '*  Transformation  of  Electric  Power  into 

Light,"  and  '*  New  Types  of  Incandescent  Lamps,"  New 

York,  November  23,  1906. 

Herschel  C.  Parker:  The  problem  of  the  transformation  of 
electric  power  into  light  is  of  equal  importance  to  the  physicist 
and  to  the  electrical  engineer.  When  an  electrical  engineer 
experiments  on  the  problem,  he  is  experimenting  in  the  domain 
of  physics;  when  a  physicist  works  on  the  problem,  he  is  an 
electrical  engineer,  if  his  experiments  are  successful;  if  not,  he 
is  simply  a  physicist.  There  are  only  two  or  three  points  in 
Dr.  Steinmetz's  beautiful  paper  on  which  I  am  capable  of  saying 
anything  that  will  interest  you.  The  first  is  the  fact  that  it 
is  not  the  melting  point  of  refractory  substances  that  gives  a 
high  efficiency,  but  it  is  the  point  of  disintegration  or  vaporiza- 
tion, shown  by  the  tungsten  filament  and  tantalum  filaments 
which  have  a  much  lower  melting  point  than  carbon,  but  are 
much  more  difficult  of  vaporization,  and  hence  show  a  great 
increase  in  efficiency.  Mr.  Walter  G.  Clark  and  I  have  been 
experimenting  for  a  number  of  years  on  the  subject  of  incandes- 
cent lighting,  and  we  hope  in  the  near  future  to  present  before 
the  Institute  some  of  these  results  which  we  think  are  of  interest. 
A  certain  filament  with  which  we  have  been  experimenting,  one 
substance  of  which  is  supposed  to  have  a  melting  point  of  about 
1400^  cent.,  has  shown  an  efficiency  in  experimental  lamps  of 
about  one  watt  per  candle,  with  an  average  life  of  700  to  1200 
hours.  The  vapor-tension  of  this  substance  is  remarkably  low; 
that  is,  it  is  almost  impossible  to  vaporize  the  substance.  This 
bears  out  in  a  remarkable  manner  the  statement  of  Dr.  Stein- 
metz.  Another  point  about  this  filament  is  that  if  at  the  low 
temperature  of  1800**  or  1900^  cent.,  it  will  give  an  efficiency  of 
one  watt  per  candle,  we  certainly  must  believe  that  some  sub- 
stances have  a  considerable  selective  radiation  in  the  solid 
form,  notwithstanding  what  the  experiments  of  Messrs.  Waidner 
and  Burgess  have  shown  regarding  the  tungsten  and  tantalum 
filaments. 

Dr.  Steinmetz's  remarks  about  vapors,  that  we  have  the 
most  intense  selective  radiation  without  respect  to  temper- 
ature, is  shown  in  a  wonderful  manner  by  the  experiments 
in  connection  with  the  electrodeless  discharge.  Mr.  C.  C. 
Trowbridge  has  carried  on  some  very  elaborate  experiments  in 
this  field  at  Columbia  University,  and  has  shown  that  when  the 
receiver  is  surrounded  by  liquid  air  a  very  considerable  lumines- 
cence can  be  obtained  and  be  continued  for  a  number  of  minutes 
after  the  electrical  disturbance  has  been  discontinued.  His 
calculations  show  that  if  the  nimiber  of  molecules  in  the  rarefied 
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gases  could  be  increased,  and  the  same  eilect  obtained,  the  efli- 
ciency  would  be  enormous,  approximating  100  per  cent. ;  that 
is,  we  can  have  luminescence  in  the  gas  that  is  absolutely  inde- 
pendent of  temperature. 

Concerning  arc  lamps  and  their  efficiency.  1  am  glad  to  get 
some  little  idea  of  what  the  efficiency  of  these  flaming  arcs 
really  is.  If  the  efficiency  is  one-quarter  watt  per  candle  and 
the  efficiency  of  the  incandescent  lamp  is  one  watt  per  candle, 
since  we  have  a  superior  means  of  distribution  with  the  latter 
and  the  illumination  is  in  terms  of  the  normal  daylight  spectrum, 
the  absolute  illuminating  value  would  not  be  far  behind  the  arc 
lamp  at  one-quarter  watt  per  candle;  but  experiments  we  have 
been  carrying  on  indicate  that  it  may  be  possible  to  reach  an 
efficiency  approximating  one-half  watt  per  candle,  and  that  in 
terms  of  the  normal  daylight  spectrum.  There  would  then  be 
no  question  that  with  such  a  high  illimiinating  value  the  in- 
candescent lamp  would  be  fully  equal,  if  not  superior,  to  any 
form  of  arc  lamp  known  at  the  present  time. 

John  W.  Howell:  Practically  all  of  the  efficient  illuminants 
mentioned  to-night  originated  abroad.  We  have  the  Welsbach 
mantle,  which  marked  a  great  advance  in  the  efficiency  of  gas 
lighting,  the  osmium  lamp,  the  tantalum  lamp,  the  Nemst  lamp, 
the  tungsten  lamp,  the  flaming  arc — all  originating  either  in 
Germany  or  in  Austria. 

Eh.  Sharp  presents  a  table  in  which  it  is  shown  that 
the  carbon  filament,  from  ISSS  to  1904,  sixteen  years,  im- 
proved 2.5  times  in  value  in  life  at  the  same  effi- 
ciency. He  also  shows  a  cur\'e  which  indicates  that  the 
tungsten  lamp  is  at  least  300  times  as  long  lived  at  the 
same  efficiency  as  the  carbon  lamp,  even  after  its  sixteen  yenrs 
of  improvement.  It  is  hard  to  realize  what  that  means.  It 
means,  as  both  the  papers  have  stated,  a  revolution  in  the  art 
of  incandescent  lighting,  and  of  all  lighting.  This  tungsten 
filament,  from  the  nature  of  the  material,  can  be  most  easily 
made  in  rather  large  candle-powers.  Dr.  Sharp  puts  25  c-p. 
as  the  lower  limit,  but  the  really  practicable  lower  limit  is  higher 
than  that.  I  think  that  40  c-p.  would  be  about  the  lower  limit 
at  110  volli;;f()r  lower  candle-powers,  lower  voltage  lamps  will 
have  to  be  employed  either  in  scries  or  in  other  ways.  But 
while  that  is  the  limit,  it  fits  exactly  in  the  place  where  the 
carbon  filament  is  weak.  Above  40  c-p.  the  larbon  filament 
is  weak  and  the  tungsten  filament  is  strong.  The  tungsten 
filament  from  40  to  200  c-p.  is  at  its  best.  At  these  candle- 
powers,  the  incandescent  lamp,  with  its  distribution  and  sta- 
bility, is  better  than  twice  that  candle-power  in  an  arc  lamp; 
and  I  look  ti)  the  tungsten  Iam[)  as  a  probable  competitor  of 
arc  lamps,  and  for  other  forms  o\  light,  the  values  of  which  lie 
between  50  and  200  c-p. 

These  curves  shown  in  Fig.  14  were  made  at  the  Reichsanstalt. 
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The  lamps  were  sent  there  on  the  25th  day  of  April,  1906,  but 
before  that  time  another  set  of  these  same  lamps  had  been 
burning  at  the  Reichsanstalt.  I  saw  the  records  of  these  other 
lamps,  and  got  a  copy  of  them.  They  were  set  up  at  1.3  watts 
per  hefner,  and  burned  700  hours,  and  at  the  end  of  the  time 
each  one  of  the  lamps  was  higher  in  candle-power  and  of  better 
efficiency  than  when  it  started.  That  is  probably  the  first 
recorded  test  on  110- volt  tungsten  lamps.  The  high  tempera- 
ture of  the  tungsten  lamp  is  of  course  a  large  element  in  its 
efficiency.  The  selective  radiation  is  described  by  Messrs. 
Waidner  and  Burgess,  and  it  is  shown  that  the  quality  of  the 
radiating  surface  has  also  a  great  deal  to  do  with  it.  The  carbon 
lamp  is  a  much  better  radiator  of  heat  than  a  metallic  filament. 
The  more  polished  the  metallic  filament  the  worse  radiator  it  is, 
and  the  more  slowly  it  radiates  its  energy  at  a  given  tempera- 
ture the  more  slowly  energy  has  to  be  supplied  to  it  to  maintain 
the  temperature.  As  Messrs.  Waidner  and  Burgess  state,  ? 
polished  platinum  wire  is  the  most  efficient  metallic  light-giving 
body.  Some  of  the  tungsten  filaments  approach  very  closely 
in  appearance  to  polished  platinum  wire,  and  I  think  those  forms 
will  be  more  efficient  than  the  others  which  do  not  approach 
that  condition. 

Percy  H.  Thomas:  Dr.  Steinmetz  gathers  together  and 
summarizes  the  latest  information  as  to  the  general  nature 
and  the  best  performance  of  the  various  kinds  of  devices  for 
getting  light  from  electric  power.  Dr.  Sharp  has  certainly 
brought  us  up  to  date  on  the  subject  of  incandescent  lamps. 

As  I  understand  Dr.  Steinmetz,  he  attributes  the  superior 
efficiency  of  gases  as  a  source  of  light  to  the  fact  that  their 
radiations  are,  relatively  speaking,  largely  in  the  visible  spec- 
trum. This  is  undoubtedly  true.  A  more  satisfactory  idea  of 
the  distinction  between  solids  and  gases  as  to  their  light-giving 
characteristics,  can  be  gotten  by  considering  the  corpuscle  theory 
of  electricity  in  its  relation  to  the  emission  of  electric  radiations 
by  hot  bodies.  By  many  scientists  light  is  assumed  to  consist 
of  electromagnetic  waves  produced  by  vibrations  within  the 
atom,  or  by  vibrations  of  the  body  of  the  atom  itself.  In  this 
view  the  atom  may  be  said  to  send  out  light  waves  when  agi- 
tated, in  the  same  way  that  a  bell  sends  out  sounds  when  struck 
with  a  hammer.  As  these  sounds  are  of  one  pitch,  or  of  a  few 
related  tones,  so  are  the  colors  of  light  given  by  an  atom  of  gas 
of  one  color  or  a  comparatively  few  related  colors.  In  an  in- 
candescent solid,  light  rays  are  still  given  out  by  the  atoms 
themselves,  but  these  atoms  are  so  crowded  by  other  atoms 
that  tliey  cannot  vibrate  in  their  natural  period  and  all  colors 
of  lii^lit  result.  Furthermore,  a  great  deal  of  energy  is  given 
off  in  heat  radiations  which  are  due  to  the  translatory  motion 
of  tlic  :ito-^^s  r.m]  molecules  backward  and  forward.  Evidently, 
the  natural   time-period  of  vibrating  molecules  will  be    much-* 
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lower  than  that  of  the  vibrations  within  the  atom,  the  former 
corresponding  to  the  longer  heat  waves.  As  Dr.  Steinmetz  has 
said,  these  heat  waves  are  a  necessary  waste  of  energy  in  the 
production  of  light. 

Returning  now  to  the  emission  of  light  by  molecules  of  a 
gas;  as,  for  example,  in  a  Cooper  Hewitt  lamp.  Here  we  have 
a  number  of  presimiably  isolated  vibrating  atoms,  and  a  series 
of  projected  corpuscles  representing  the  current  and  passing 
from  the  negative  to  the  positive  electrode  at  very  high  veloci- 
ties. These  corpuscles  must  frequently  strike  atoms,  and  in  so 
doing  cause  both  the  deformation  or  bell-like  action  and  also  a 
translatory  motion.  But,  since  they  are  of  extremely  small 
mass  and  high  velocity,  they  will  produce  a  large  percentage 
of  vibration  and  a  small  percentage  of  translation  corresponding 
to  an  efficient  production  of  light.  This  hypothesis  tends  to 
confirm  an  observed  fact;  namely,  that  those  gases  or  vapors 
having  relatively  large  atomic  weight  are  more  efficient  sources 
of  light  when  excited  by  electric  current.  For  in  such  cases 
the  relative  amoimt  of  translation  in  relation  to  the  internal 
vibration  for  the  relatively  heavy  atom  will  be  less  than  for 
the  relatively  light  atom.  Dr.  Steinmetz  has  linked  the  effi- 
ciency of  light  sources  with  the  boiling  point  of  the  materials 
giving  a  light.  In  some  ways  it  appears  to  me  more  likely  that 
differences  in  atomic  weight  rather  than  differences  in  boiling 
points  determine  the  efficiencies. 

Another  point  of  a  very  much  more  practical  nature  is  worth 
considering.  We  have  covered  pretty  well  the  theoretical  con- 
siderations governing  the  absolute,  or  what  you  might  call  the 
physical  efficiency  of  the  different  methods  of  producing  light. 
This  physical  efficiency  is  very  important,  but  must  be  con- 
sidered in  connection  with  other  practical  considerations  before 
it  is  applied  in  actual  cases;  that  is,  there  are  other  things 
besides  the  physical  efficiency  which  determine  the  usefulness 
of  a  lamp.  For  example,  there  must  be  inherently  in  such  lamps 
as  arc  lamps,  where  the  air  and  other  gases  are  in  contact  with 
the  hot  bodies,  a  convection  loss  of  heat,  allowed  for  only  inci- 
dentally by  Dr.  Steinmetz,  and  which  may  be  of  material  im- 
portance. This  fact  will  tend  to  decrease  the  advantage  of  the 
arc  lamp  over  the  incandescent  lamp. 

The  size  of  units  is  of  very  great  importance.  This  point 
has  already  been  raised.  A  source  of  light  which  has  for  its 
smallest  practical  unit  two  or  three  thousand  candle-power, 
like  some  of  the  flaming  arcs,  cannot  get  the  advantage  of  its 
high  efficiency  because  so  much  light  at  one  point  cannot  be 
used  economically.  Tke  contrast  between  the  locations  of  a 
superabundance  of  light  and  locations  more  remote  from  a  lamp 
with  little  light,  interferes  materially  with  the  effectiveness  of 
even  that  value  of  illumination  which  does  exist  in  the  darker 
portions. 
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High  intrinsic  brilliancy  in  a  light  source  is  harmful,  in  that 
it  causes  a  contraction  of  the  pupil  of  the  eye  even  when  the 
light  is  not  directly  in  line  of  vision,  so  that  comparatively 
ineffective  use  is  made  of  the  available  illumination.  This  is 
a  matter  of  the  very  greatest  importance  which  has  not  until 
recently  been  fully  realized.  The  arc  light,  especially  the  open- 
air  arc  light,  the  flaming  arcs,  and  the  bright  incandescents 
suffer  from  this  cause.  Evidently  the  tube  lights,  such  as  the 
Moore  tube  and  the  Cooper  Hewitt  lamp  have  a  great  advantage 
over  the  other  types  in  this  regard,  and  furthermore  caxise  no 
sharp  shadows. 

Greatly  to  the  advantage  of  the  Cooper  Hewitt  lamp,  as  Dr. 
Steinmetz  points  out,  the  colors  of  light  most  easily  and  naturally 
utilized  by  the  eye  are  those  in  the  middle  portion  of  the  visible 
spectrum,  the  yellows  and  greens.  The  Cooper  Hewitt  lamp  is 
the  only  electric  light  having  a  majority  of  its  light  of  these  colors. 

Walter  G.  Clark:  In  paying  my  respects  to  Dr.  Steinmetz's 
most  excellent  paper,  I  wish  to  state  that  in  connection  with 
the  experiments  which  are  being  conducted  by  Professor  Parker 
and  myself,  I  have  had  an  opportunity  to  note  the  behavior 
of  carbon  filaments,  and  it  has  been  my  impression  for  some 
time,  that  the  vaporization  of  carbon  from  the  carbon  filament 
is  far  in  excess  of  that  warranted  by  the  temperature  of  the 
filament.  Carbon  maintained  at  a  high  temperature  by  an 
external  source  of  heat,  but  within  a  quartz  receptacle,  did  not 
show  the  vaporization  that  it  did  at  a  much  lower  temperature 
when  the  heat  was  produced  by  passing  a  current  through  it. 

A  number  of  experiments  of  this  character  together  with  the 
study  of  the  filaments  themselves  have  led  me  to  believe  that 
the  ordinary  filament  is  not  of  even  temperature,  but  is  made 
up  of  very  narrow  zones  or  spots  of  high  incandescence  and 
possibly,  in  an  unflashed  filament,  of  actual  arcing  in  some 
places.  The  temperature  which  we  observe  most  likely  is  the 
mean  of  a  series  of  high- temperature  and  low-temperature  spots, 
these  would  of  necessity  be  very  narrow;  but  from  the  fact  that 
the  filament  is  originally  made  up  from  a  material  which  must 
pass  off  as  a  gas  during  the  process  of  carbonizing,  it  must 
leave  the  filament  somewhat  porous.  As  the  surface  is  car- 
bonized before  the  interior,  the  gases  leaving  the  interior  would 
break  through  any  surface-seal  formed  by  the  carbonizing  of 
the  surface  and  reduce  the  cross-section  of  the  filament  at  that 
point;  in  an  unflashed  filament  there  would  be  a  tendency 
to  form  a  small  arc  across  the  gap  in  shunt  with  the  continuous 
portion  of  the  filament  back  of  it.  In  flashing,  these  spots 
would  be  the  first  to  be  covered  with  the  dense  low-resistance 
carbon  deposited  out  of  the  hydrocarbon,  and  as  the  temperature 
is  excessively  high  at  this  point  and  the  carbon  deposited  is  of 
very  low  resistance,  compared  with  the  porous  unflashed  portion-, 
the  tendency  is  to  over-deposit;  for  the  carbon  is  not  only  de- 
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posited  at  the  actual  point  of  the  greatest  temperature,  but 
for  some  distance  on  either  side,  so  that  while  flashing  improves 
the  filament  it  does  not  entirely  eliminate  the  high-and-lo\> 
temperature  conditions.  But  the  temperature  of  a  carbo . 
filament  probably  represents  the  mean  of  a  great  number  ol 
extremes  of  high- temperature  and  low- temperature  zones,  anu 
the  carbon  is  vaporized  from  the  high  temperature  points  at  ai. 
increasing  rate  until  the  filament  parts. 

With  the  graphitized  or  metalized  filament,  the  conduc 
tivity  is  more  nearly  uniform  on  account  of  the  greater 
per  cent,  of  dense  carbon,  so  it  is  possible  to  operate 
the  filament  at  a  higher  temperature.  I  am  of  tlu 
opinion  that  the  hot-point  conditions  also  hold  where  me 
tallic  filaments  are  made  up  of  colloidal  tungsten  particles,  foi 
the  current  passing  through  the  filament  at  the  time  of  the 
cintering^  together  will  follow  the  path  of  lowest  resist 
ance  where  the  arcing  between  the  particles  welds  them 
together;  and  particles  not  directly  in  the  path  of  the  current 
may  not  become  an  active  part  of  the  filament.  The  arcing* 
between  the  particles  would  continue  until  the  points  of  contact 
fused  together,  when  the  temperature  would  immediately  drop 
below  the  fusing  point,  but  the  points  of  contact  would  still 
represent  the  points  of  greatest  temperature.  On  account  of 
the  fineness  of  the  particles  in  the  Kuzel  filament,  these  zones 
of  maximum  and  minimum  temperature  would  be  verv  close 
together.  This  condition  may  account  for  the  higher  resistance 
and  high  temperature  coetlficient  of    this  type  of  filament. 

It  has  been  noted  that  some  metallic  filaments  which  are 
white  in  color  at  low  temperature  still  radiate  as  black  bodies. 
I  have  noted  in  some  experiments  that  some  white  metals 
turn  black  before  they  begin  to  radiate  light.  Steel  of 
a  light  gray  or  silvery  color  and  confined  in  a  vacuum,  passed 
through  several  changes  of  color  to  black  before  it  began  to 
radiate  light  at  the  red  end  of  the  spectrum;  this  was  also  true 
of  platinum,  iridium,  and  copper,  but  did  not  appear  to  be  true 
of  aluminum.  I  was  careful  to  remove  the  oxide  from  the  sur- 
face of  the  aluminum  and  place  it  in  a  receiver  filled  with  hydro- 
gen, which  I  pumi)ed  out  to  create  the  vacuum,  still  a  film  of 
oxide  may  have  fonned  which  concealed  the  color-change;  but 
experiments  with  thorium  oxide,  oxide  of  aluminum,  flocculent 
silicon  dioxide,  calcium  oxide,  and  a  number  of  other  white 
oxides  or  white-oxide  forming  materials  indicated  that  they 
lumines*^^  or  become  incandescent  direct  from  their  own  white 
color  to  the  characteristic  li^^ht  or  wave-lengths  which  they 
emit  without  passini^  throuj^^h  all  (;f  the  longer  wave  lengths 
leading  up  to  and  through  the  red  end  of  the  spectrum.  I 
have  also  noted  that  it  is  possible  to  make  a  non-luminous  gas 
flame  luminous  by  char.i^Mng  it  with  a  silicon  vapor  which  broke 
up  and  gave  silicon  dioxide  upon  coming  in  contact  with  the 

1.  Fusing  particles  together  by  passing  current  through. 
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air.  I  have  found  it  difficult  to  prevent  the  oxidization  of 
silicon  when  in  contact  with  air  at  high  temperatures.  I  do 
not  understand  the  statement  that  the  silicon  arc  is  non-luminous, 
assuming  that  Dr.  Steinmetz  is  referring  to  an  open  arc.  The 
oxidization  of  carbon  in  the  arc  would,  of  course,  produce  a  gas 
which  would  show  little  if  any  luminosity,  but  the  oxidization 
of  silicon  produces  dioxide  and  in  my  experience  becomes  lum- 
inous at  a  comparatively  low  temperature,  and  an  open  arc 
from  silicon  should  form  the  dioxide  and  become  luminous. 

The  desirability  of  obtaining  a  light  which  covers  the  entire 
range  of  visible  wave-length  is  brought  out  very  well  in  this 
paper,  but  instead  of  endeavoring  to  obtain  this  entire  range  in 
one  material  or  in  two  similar  materials,  as  in  the  magnetite- 
titanium  arc,  may  we  not  secure  an  efficient  result  by  combining 
•  materials  which  show  high  efficiency  at  each  end  of  the  visible 
spectrum?  For  instance,  if  we  were  able  to  combine  the  mer- 
cury vapor  arc  with  a  light  from  a  material  which  showed  its 
highest  efficiency  in  the  red  end  of  the  spectrtmi,  the  resultant 
light  should  be  both  satisfactory  and  economical.  The 
carbon  filament  is,  of  course,  not  sufficiently  efficient  when 
maintained  at  a  temperature  where  the  red  rays  predomi- 
nate, but  a  combination  of  the  Geissler  tube  effect  with  the 
mercury  vapor  arc  would  be  a  step  in  this  direction. 

The  matter  of  selective  radiation  is  now  just  being  raked 
over,  and  I  expect  to  see  some  marked  improvements  in  the  near 
future  in  the  matter  of  improving  the  efficiency  of  electric  light- 
ing along  the  lines  of  selective  radiation  rather  than  from  high 
temperature  of  materials  showing  low  vapor- tension. 

C.  W.  Hogan:  Some  time  ago  my  attention  was  called  to 
a  new  form  of  carbon  filament,  in  which  an  efficiency  of  2.5 
watts  per  candle-power  was  claimed,  with  an  increased  life 
over  our  present  form.  1  was  afterward  told  that  this  was  due 
to  the  cross-section  of  the  filament,  and  I  then  made  ?ome  cal- 
culations concerning  the  difference  between  the  triangular  and 
the  circular  cross-section.  The  triangular  filament  of  5  mils 
per  side  is  compared  with  the  circular  filament  having  a  aiameter 
of  5  mils.  In  the  triangular  filament  the  section  is  10,825,  and 
in  the  circular.  19.66  sq.  mils.  With  the  same  radiating  surface 
it  will  give  a  length  of  9.8  for  the  triangular,  and  9.33  for  the 
circular  filament.  With  the  same  specific  resistance,  it  will 
give  resistance  of  one  inch  of  carbon,  for  triangular  147.8,  and 
for  circular,  81.4  ohms.  The  final  efficiency  figured  for  16  c-p., 
using  the  same  method  of  treatment  for  the  same  carbon  mate- 
rial, would  be  1.74  watts  per  candle-power  for  the  triangular 
section  against  3.31  for  the  circular  section. 

I  should  like  to  know  if  there  is  anything  in  the  nature  of  the 
carbon  which  would  render  these  figures  void;  that  is,  if  the 
current  density  will  be  as  uniform  throughout  the  triangular 
cross-section  as  it  is  in  the  circular  cross-section.     The  amperes 
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for  that  efficiency  would  be  in  the  triangular  cross-section  0.253 
and  for  the  circular  section  0.482,  so  that  the  carbon  wotild 
actually  be  carrying  less  current  in  the  triangular  section  than 
in  the  circular  section.  Consequently,  it  would  be  at  a  lower 
temperature,  and  having  a  greater  radiating  surface  the  life 
would  be  longer  owing  to  the  lower  temperatures  at  which 
the  carbon  wotild  be  operated.  And  the  total  illtunination  from 
the  triangular  section  would  be  greater,  as  there  would  be  more 
radiating  surface  for  «he  light. 

Charles  P.  Steinmetz:  Answering  first  the  questions  raised 
during  the  disctission:  I  also  observed  the  tarnishing  of  iron 
in  a  vacuum,  when  trying  to  use  iron  in  the  mercury  arc  lamp. 
Even  in  a  very  high  vacuiun.  iron  when  heated  shows  the 
rainbow  colors.  I  found,  however,  that  even  in  a  very  high 
vacuum,  if  the  mercury  arc  was  started  and  the  space  so  heated 
from  the  inside,  remarkably  large  quantities  of  gas  were  given 
off  by  the  glass  walls,  etc.,  and  to  get  a  reasonably  perfect  vacuum 
it  is  necessary  not  only  to  get  a  very  high  grade  mercury 
pump,  to  have  only  solid  glass  connections  between  the  mercury 
pump  and  the  vacuum  tube,  but  to  heat  the  tube  by  a  heating 
chamber  to  a  temperature  just  below  where  the  glass  sucks  in 
and  keep  it  at  that  temperature  for  hours  with  the  pump  work- 
ing. Then  you  get  a  good  vacuum,  usually,  but  not  always. 
I  consider  it  possible,  therefore,  that  residual  gas,  absorbed  and 
tenaciously  held  by  the  glass  walls,  may  gradually  be  given  off 
and  affect  the  iron  or  other  metal. 

As  to  the  m>n -luminous  silicon  arc,  and  the  production  of 
a  very  brilliant  gas  flame  by  silicon  distributed  through  it,  this 
is  a  question  of  comparison.  The  intrinsic  brilliancy  of  a  gas 
flame  is  so  very  low  compared  with  that  of  a  luminous  arc,  that 
incandescent  silica  in  the  gas  flame  may  appear  very  brilliant 
compared  with  an  ordinary  gas  flame,  while  compared  with  a 
titanium  or  calcium  arc  flame,  it  would  have  to  be  called  non- 
luminous. 

In  regard  to  3200°  cent,  as  the  melting  point  of  tungsten:  3200® 
cent,  is  the  black-body  temperature  of  melting  tungsten,  that  is, 
the  temperature  which  melting  tungsten  would  have  if  its  radi- 
ation were  that  of  a  black  body,  but  if,  as  it  is  very  probable, 
the  radiation  of  tungsten  is  not  that  of  a  black  body,  the  true 
temperature  of  the  melting  point  is  lower  than  3200°  cent. 

The  manufacture  of  tungsten  lam'\s  would  possibly  be  sim- 
plified if  the  metal  could  be  made  ductile.  I  must  draw  your 
attention  to  one  feature,  however:  of  all  the  incandescent  fila- 
ments, the  only  one  not  suited  for  alternating  current  is  the 
ductile  tantalum  filament,  which  shows  a  feature  similar  to  the 
crystallization  of  wrought  iron  under  rapidly  oscillating  stress, 
while  the  osmium  and  carbon  filaments,  which  have  no  fibrous 
structure,  show  no  inferiority  with  alternating  current.  It  ap- 
pears to  me  possible,  therefore,  that  a  ductile  tungsten  filament 
may  be  unsuitable  for  alternating  current. 
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It  is  undoubtedly  true  that  the  increased  surface  of  the  tri- 
angular section  radiates  more  light.  Unfortimately,  it  also 
radiates  in  the  same  proportion  more  heat  rays  and  more  total 
radiation ;  that  means  the  efficiency  would  be  no  better  than  in 
the  case  of  the  round  filament,  and  the  only  difference  would 
be  that  the  total  radiation  from  a  triangular  filament  would  be 
greater  than  the  total  radiation  from  a  round  filament  of  the 
same  section,  and  therefore  to  maintain  the  same  tempera- 
ture of  the  triangular  filament  would  require  more  energy  in- 
put. The  same  would  be  the  case  by  using  a  hollow  filament, 
but  no  gain  in  efficiency  results. 

Like  many  other  interesting  things,  the  fluorescent  cathode- 
ray  lamp  has  been  tried  in  by  gone  years  by  Edison ;  an  exhausted 
glass  tube,  coated  on  the  inside  with  calcium  tungstate  crystals 
gave  a  beautiful  white  glow.  I  saw  it  in  operation,  but  I  under- 
stand that  the  difficulty  was  that  the  luminescence  excited  by 
the  cathode  rays  is  excited  by  an  extremely  high  velocity 
bombardment,  and  the  impact  of  this  extremely  high  velocity 
does  not  only  give  light,  but  gives  mechanical  fracture  and 
destruction  of  the  fluorescent  crystals,  and  so  limits  the  life  of 
the  lamp. 

As  to  the  discussion  of  the  various  illuminants.  We  are 
living  in  a  remarkable  time.  A  few  years  ago  we  had  the 
incandescent  lamp  which  as  commonly  used  for  series 
lighting  of  streets  etc.,  looked  somewhat  like  a  red-hot  hairpin, 
which  you  could  see  to  steer  by,  just  like  a  beacon  light  on 
the  river;  you  could  see  the  light,  but  you  could  not  see  any- 
thing with  the  light.  There  also  was  the  arc  lamp:  a  big  blotch 
of  light,  when  you  were  under  it  you  did  not  see  anything,  but 
were  blinded  by  it,  and  before  you  came  under  it  you  could 
not  see  beyond  it,  and  after  you  left  the  light  you  could  not 
see  anything  at  all. 

The  incandescent  lamp  has  now  been  redeemed.  It  promises  an 
efficiency  of  one  watt  per  candle-power.  That  means  it  is  superior 
to  the  ordinary  carbon  arc  lamp ;  and  possibly  you  may  go  still 
higher  in  efficiency:  the  maximum  efficiency  of  light  given  by  a 
tungsten  filament  at  the  temperature  of  self-destruction  is  some- 
thing like  0.2  watt  per  c.  p. ;  that  is,  if  you  run  a  tungsten  lamp  up 
in  voltage  the  efficiency  rises  to  something  like  0.2  of  one  watt  per 
c-p.  at  the  moment  where  the  filaments  melt:  thatis  theefficiency 
at  the  melting  point  of  tungsten.  This  efficiency  has  been 
beaten  by  the  flame  carbon  arc  lamps  and  by  the  different 
types  of  titanium  arcs.  At  the  same  time,  the  arc  is  a  larger 
size  illuminant.  The  incandescent  lamp  has  the  advantage 
of  giving  better  distribution  of  light  by  smaller  units;  but  the 
tungsten  filament  does  not  have  this  advantage  as  much  as 
the  carbon  filament,  because  at  least  at  the  voltage  of  110,  it 
cannot  be  brought  down  to  the  same  small  units  as  can  the  carbon 
incandescent   lamp.     This   means   that   very    high   efficiencies, 
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undreamed  of  a  few  years  ago  have  been  reached,  and  the  race 
is  still  on  between  the  arc  and  the  incandescent  lamp.  There 
are  future  developments  possible  also  in  increasing  the  efficiency 
of  the  arc  lamp,  because  even  an  efficiency  of  ^  of  a 
watt  per  c-p.  is  ridiculously  low  compared  with  the  efficiency 
of  the  electric  motor.  However,  what  is  wanted  is  not  light, 
but  illimiination,  and  in  the  problem  of  illumination  the  dis- 
tribution of  light  is  of  importance  also,  besides  the  total 
volume  of  light.  In  this  respect  the  smaller  size  of  units  gives 
an  advantage  to  the  incandescent  lamp.  Again,  high  intrinsic 
brilliancy  is  a  disadvantage;  and  low  intrinsic  brilliancy,  that  is, 
large  light-giving  surface,  preferable.  In  that  respect  the 
advantage  is  with  the  mercury  arc  and  the  vacuum  tube  and 
against  the  ordinary  arc,  and  also  against  the  high  efficiency 
incandescent  lamp. 

Furthermore,  the  specific  physiological  effects  of  the  different 
colors  of  light  also  enter  as  essential  factors,  and  this  is  a  feature 
which  never  had  to  be  considered  before,  because  until  the 
last  few  years  all  artificial  illuminants  gave  about  the  same 
color,  varying  from  an  orange-red  to  yellow  and  yellowish-white, 
while  at  present  you  have  the  bluish-green  of  the  mercury  arc. 
the  monochromatic  yellow  of  the  calcium  spectrum,  the  white 
of  the  titanium  arc  and  so  get  different  colors  of  light,  and  the 
difference  of  the  physiological  effect  of  different  colors  thus 
requires  consideration. 

I  stated  in  my  paper,  for  instance,  that  green  is  a  much 
more  efficient  color  than  red,  and  that  the  same  amount 
of  energy  as  green  light  gives  many  more  candle-power  than  as 
red  light;  that  is,  the  light-equivalent  of  energy  is  a  function  of 
the  color.  It  is,  however,  not  only  a  function  of  the  color,  but 
also  a  function  of  the  total  intensity.  The  relative  sensitiveness 
of  the  eye  for  lights  of  different  colors  varies  with  the  absolute 
value  of  the  illumination.  The  difference  of  the  sensitiveness 
of  the  eye  for  red  light  and  for  green  light  is  many  times  greater 
at  very  low  than  at  high  intensity  of  light.  Or,  in  other  words, 
the  physiological  effect  of  lights  of  different  color  does  not  seem 
to  follow  the  law  of  inverse  squares  of  the  distance,  but  varies 
faster  than  the  square  of  the  distance  with  red,  slower 
with  green  light.  That  is,  if  for  instance  you  have  a  yellow 
flame  carbon  arc  and  a  green  mercury  arc,  which  at  100  feet 
distance  gives  about  the  same  illumination;  that  is,  appear  to 
the  eye  as  of  the  same  intensity,  than  at  ten  feet  distance  from 
the  light,  the  yellow  light  appears  far  more  intense,  is  glaring, 
while  you  are  (lisap])ointe(l  in  the  green  light.  Again,  at  1,00(> 
feet  distance,  the  green  light  aj^jjcars  far  brighter  than  the  yel- 
low, and  gains  over  the  yellow;  the  farther  away  you  go  from 
the  light,  and  when  the  orange  yellow  light  has  faded  away  as 
a  faint  star,  the  green  light  still  throws  its  visible  beam  across 
the   darkness.     Therefore,   where   a   low   intrinsic   brilliancy  is 
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desired,  as  in  suburban  lighting,  there  the  green,  irrespective 
of  the  physical  efficiency,  has  a  great  advantage  over  the  red- 
dish-yellow. The  reverse  applies  where  very  high  intensity  is 
desired,  a  glare  of  light  to  draw  attention  for  advertising  pur- 
poses. Then  the  reddish  yellow  is  always  preferred.  These 
physiological  effects  of  different  colors  did  not  receive  considera- 
tion in  former  times,  but  well  deserve  careful  study  now,  where 
efficient  illuminants  of  such  widely  different  colors  are  availa- 
ble, as  the  flame  carbon  and  the  mercury  arc. 

Wm.  J.  Hammer:  If  we  go  back  to  the  first  efforts  made 
by  inventors  in  the  field  of  incandescent  lighting,  we  will  find 
that  they  were  mainly  devoted  to  metal  filaments,  metallic 
oxides,  and  rare  earths.  Subsequently,  the  pendulum  swung 
in  the  other  direction,  and  with  the  development  and  perfection 
of  the  carbon-filament  lamp,  attention  was  concentrated  upon 
that.  With  the  exception  of  a  few  inventors,  work  on  the 
metallic  filament  was  at  a  standstill.  Now  the  pendulum  has 
swung  to  its  original  position  and  we  are  having  this  remarkable 
development  in  the  metal-filament  lamp,  which  bids  fair  to 
displace  the  carbon-filament  lamp;  but  who  shall  say  that 
perhaps  later  the  pendulum  will  not  again  swing  in  the  other 
direction?     Thus  does  history  repeat  itself. 

About  ten  years  ago  two  patents  were  issued  on  molybdenum, 
tungsten,  and  other  metals  in  which  a  heated  "fillet'*  of  platinum 
or  carbon  was  placed  in  a  receptacle  and  oxychlorides  in  the 
form  of  heavy  gases  were  allowed  to  descend  from  the  top 
of  the  containing  globe  while  hydrogen  gas,  which  is  very 
light,  was  allowed  to  ascend  depositing  the  metal  in  a  pure 
state  upon  the  fillet  or  core.  A  number  of  lamps  were 
made,  some  of  which  are  said  to  have  lasted  several  hundred 
hours.  No  commercial  incandescent  lamp  was  made  in  this 
way,  for  the  reason  that  the  experimenter  did  not  have  the 
proper  fillet  of  platinum,  or  carbon  on  which  to  deposit 
the  pure  metal.  It  was  impossible  to  obtain  a  fillet  of 
sufficiently  attenuated  character  to  give  a  commercial  lamp; 
and  in  the  second  place,  while  some  of  the  lamps  lasted  several 
hundred  hours  they  soon  became  black  and  could  not  be  used 
as  illuminating  agents. 

Mr.  Howell  regrets  that  nothing  had  been  done  on  this  side 
of  the  water  in  connection  with  this  new  development.  I 
wish  to  take  issue  with  him.  The  foreigners  have  certainly 
been  domg  some  very  excellent  work,  but  we  have  with  us 
to-night  an  American  inventor  whose  work  dates  back  to  the 
time  when  he  was  a  pupil  in  Philadelphia,  and  he  has  ever  since 
been  working  on  rare  metals  and  metallic  filaments. 

Reference  has  been  made  to  the  work  of  Professors  Waidner 
and  Burgess  of  the  Bureau  of  Standards  which  appears  in  the 
Electrical  World  of  November  10,  and  Dr.  Steinmetz  speaks  of 
the  practicability  of  limitin.?  the  temperature  of  filaments  to 
about  1800°,  on  account  of  disintegration ;  but  it  is  interesting 
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to  call  attention  to  the  fact  that  the  Heany  tungsten  which  was 
prepared  for  the  Bureau  of  Standards  in  Washington,  according 
to  the  statements  in  the  report  referred  to.  showed  the  highest 
melting  point  of  anything  tested.  The  temperature  was  3200^ 
cent.,  and  this  was  without  any  appreciable  discoloration  of  the 
glass  globe. 

Other  inventors  using  the  carbon  filament  (practically  the 
fillet  already  cited)  heated  it  in  the  presence  of  oxyhalogen 
comjKjunds.  and  also  in  the  presence  of  hydrogen  gas,  and 
asserted  that  pure  metallic  tungsten  was  deposited  upon  the 
filament.  Those  who  have  had  experience  with  tungsten  know 
that  it  has  a  great  affinity  for  carbon,  and  when  once  united 
with  carlxin  forms  a  carbide,  and  the  melting  point  drops  below 
that  of  the  tungsten  itself,  which  is  a  great  disadvantage.  As 
Dr.  Sharp  says  in  his  paper,  that  method  seems  to  be  a  prac- 
tical development  of  the  method  shown  in  patents  about  ten 
years  ago. 

Selective  Radiation 

William  S.  Franklin  (by  letter):  When  a  given  substance 
is  in  thermal  equilibrium  at  a  given  temperature,  and  sur- 
rounded on  all  sides  by  substances  also  in  thermal  equilibrium 
and  at  the  same  temperature,  then  the  radiation  from  the 
given  substance  is  what  we  call  the  normal  or  black-body 
radiation  corresponding  lo  that  temperature  and  the  composi- 
tion of  this  radiation;  that  is,  the  relative  intensities  of  its  various 
wave-length  components,  is  a  function  of  the  temperature  only 
and  indc^jcndent  of  the  nature  of  the  given  substance.  The 
radiation  consists,  however,  of  three  parts;  namely, 

(I,  The  part  which  is  reflected  by  the  substance, 

b.  The  part  which  is  transmitted  by  the  substance  from 
behind, 

c.  The  part  emitted  by  the  substance. 

If  the  ^ivcn  substance  were  opaque  and  if  it  did  not  reflect, 
it  would  be  called  an  ideal  black  body  and  it  would  emit  normal 
radiation ;  and  if  it  were  heated  to  a  given  temperature  in  the 
open  it  would  continue  to  emit  the  normal  radiation  correspond- 
inj^^  to  that  temi^erature,  on  the  assumption  that  its  molecular 
condition  remains  still  the  same  as  that  which  constitutes  com- 
plete thcmial  equilibrium. 

If  the  j^iven  substance  transmits  or  reflects  certain  wave- 
lengths in  excess  of  others  then  it  must,  when  it  is  in  thermal 
equili])rium,emit  certain  other  wave-lengths  in  excess  (since  the 
total  nidiation  must  be  normal  when  the  substance  is  surrounded 
by  substances  at  the  same  temperature),  and  it  is  said  to  ex- 
hibit selective  emission  or  selective  radiation  as  it  is  usually 
called.  Such  a  sul)stance,  when  heated  to  a  given  temper- 
ature in  the  ()])cn,  would  emit  a  characteristic  abnormal  radia- 
tion on  the  assumption  that  its  condition  remains  still  the  same 
as  that  which  constitutes  complete  thermal  equilibrium. 
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Thus,  in  brief,  we  have  a  sketch  of  the  fundamental  idea  of 
selective  radiation  in  the  form  in  which  this  idea  is  established 
in  the  thermodynamic  treatment  of  radiation. 

My  remarks  on  Dr.  Steinmetz's  paper  were  intended  to  point 
out  the  fact  that  the  idea  of  selective  radiation,  as  this  term  is 
used  by  Dr.  Steinmetz  and  by  every  other  writer  on  radiation 
so  far  as  I  know,  contains  an  idea  which  is  entirely  foreign  to 
and  incompatible  with  the  narrow  thermodynamic  idea  of 
selective  radiation  which  is  outlined  above,  and  that  this  for- 
eign idea  is  of  extreme  importance  in  the  problem  of  the  pro- 
duction of  light. 

Selective  Excitation 

Nearly  every  one  knows  that  a  serious  inconsistency  has  for 
a  long  time  confronted  the  physicist  in  the  kinetic  theory 
of  gases,  in  that  each  of  the  various  modes  of  molecular  motion 
does  not  represent  the  same  amount  of  energy,  whereas  each 
possible  mode  of  molecular  motion  should  represent  the  same 
amount  of  energy  according  to  the  kinetic  theory. 

This  difficulty  has  quite  recently  been  explained  by  Professor 
Jeans,  now  of  Princeton  University,  on  the  hypothesis  that  it 
takes  time,  and  in  some  cases  a  very  long  time,  for  energy  which 
is  imparted  to  a  gas  as  a  particular  mode  of  motion  to  become 
properly  partitioned  among  all  of  the  possible  modes  or,  if  a 
particular  mode  is  very  prone  to  produce  ether  waves,  and  thus 
lose  its  energy  rapidly,  its  energy  may  fall  far  below  normal 
on  account  of  the  slowness  with  which  the  store  of  energy  of 
the  other  modes  is  shared  by  the  particular  mode  as  it  lose*? 
energy  by  radiation. 

Thus  in  a  gas  the  energy  of  intra-molecular  motion  seems  in 
certain  cases  to  radiate  rapidly,  and  in  a  radiating  gas  the  intra- 
molecular energy  is  below  par  while;  on  the  other  hand,  a  gas 
which  is  heated  by  compression  in  a  closed  cylinder  has  energy 
imparted  to  it  as  increased  translational  motion  and,  according 
to  Jeans,  it  may  take  a  very  long  time  for  this  translation^ 
energy  to  hammer  itself,  as  it  were,  into  the  molecule  by  re- 
peated collisions. 

The  indications  are  that  the  rapidity  with  which  the  energy 
of  a  particular  mode  of  motion  spreads  among  the  various 
possible  modes  in  any  substance,  solid,  liquid,  or  gaseous,  is  a 
function  of  the  temperature  (if  I  may  use  the  word  temperature 
in  a  slightly  inaccurate  way),  and  that  the  spreading  is  rapid 
at  high  temperatures  and  slow  at  low  temperatures. 

To  show  the  application  of  Jean's  idea  to  radiation,  let  us 
consider  a  hypothetical  case,  a  substance  to  which  energy  is 
imparted  predo  minantly  in  those  modes  which  correspond 
to  luminous  radiation,  or  in  those  modes  which  quickly  share 
their  energy  with  the  luminous  modes.  In  such  a  case  the 
radiation  from  the  substance  would  be  predominantly  luminous 
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radiation  if  the  spreading  of  energy  into  the  non-luminous 
modes  is  not  too  rapid,  that  is,  if  the  temperature  is  not  too 
high ;  whereas  if  the  spreading  of  the  energ>'  among  the  various 
modes  is  accelerated  by  rise  of  temperature  the  radiation  would 
tend  to  include  more  and  more  of  all  the  characteristic  wave- 
lengths of  the  substance.  If  the  spreading  of  energy  were 
infinitely  rapid,  the  substance  would  be  in  a  condition  approaching 
the  state  of  thermal  equilibrium,  and  its  radiation  would  be 
called  its  selective  radiation  in  the  proper  restricted  sense  of 
this  term. 

It  seems  to  me  that  the  giN'ing  of  energy  to  a  substance 
predominantly  in  the  form  of  certain  modes  of  motion  might 
be  called  selective  excitation 

I  wish  in  particular  to  emphasize  the  clear  insight  which 
Jeans*  idea,  as  applied  to  radiation,  gives  to  several  remarkable 
facts  which  Dr.  Steinmetz  points  out.  The  mercury-arc  spec- 
trum for  example  contains  no  red  lines  of  appreciable  intensity 
when  the  vapor  in  the  arc  is  relatively  cool,  whereas  the  spec- 
trum becomes  greatly  strengthened  in  the  red  and  perhaps 
also  in  the  infra-red  if  the  vapor  is  very  hot;  the  energy  im- 
parted to  the  vapor  selectively  by  the  (presumably)  highly 
particularized  mode  of  motion  which  constitutes  current  con- 
duction, is  spread  rapidly  among  the  various  modes  when  the 
arc  is  hot,  and  only  a  small  portion  of  it  is  radiated  in  the  original 
modes.  The  slowness  of  spreading  of  energy  among  the  modes 
of  motion,  even  of  solid  and  liquid  substances,  is  shown  by  the 
phenomena  of  fluorescence,  phosphorescence,  and  luminescence 
of  solids  and  liquids,  and  also.  I  think,  by  the  fact  that  many 
substances  when  bombarded  by  cathode  rays  emit  line  or 
band-spectra.  Furthermore  the  remarkable  band-spectra  of 
absorption  of  didymium  salts  seem  to  show  a  slow  spreading 
of  energy  into  or  out  of  the  didymium  atom. 

The  great  retardation  of  the  spreading  of  energy  at  very  low 
temperature  is  shown  by  the  fluorescence  at  liquid-air  temper- 
atures of  many  substances  which  do  not  fluoresce  at  ordinary 
temperatures. 

I  agree  completely  with  Dr.  Steinmetz  in  his  statement  that 
theoretically  there  is  no  limit  to  the  lii^'ht  efficiency  of  a  lumi- 
nescent vapor,  only  I  would  ^o  further  and  say  that  there  is  no 
limit  to  the  li<:ht  efficiency  of  a  luminescent  substance  of  any 
kind  solid,  liquid,  (;r  Lraseous.  and  I  would  also  be  inclined  to  define 
the  term  luminescence  as  radiation  under  selective  excitation. 

The  reasrjn  that  there  is  no  limit  to  the  light  efficiency  of 
radiation  of  a  substance  un<ler  selective  excitation,  is  that  me- 
chanical energy  (as  opprjscd  to  heat  energy)  may  conceivably 
be  (leliverc'l  to  a  substance  in  a  sin.ijle  mode  of  motion,  whereas 
heat  ener^'v  cannot  conceivably  be  delivered  to  a  substance  in 
a  sin^'le  mode.  Thus  an  example  is  ^iven  above  of  the  delivery 
of  ener^^y  (mechanical)  to  a  .i^as  as  increased  translational 
energy  only,  in  the  case  of  compression  of  a  gas  in  a  cylinder, 
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and  such  mechanical  energy  of  course  spreads  out  more  or 
less  rapidly  among  all  possible  modes,  and  eventually  becomes 
heat  energy.  It  is  quite  remarkable,  however,  that  energy  im- 
parted to  a  gas  by  compression  seems  to  spread  out  with  ex- 
treme rapidity  among  such  modes  as  play  a  part  in  the  deter- 
mination of  the  specific  heat  of  the  gas  (as  shown  by  the  close 
correspondence  between  the  calculated  ratio  of  the  specific 
heats  at  constant  volume  and  at  constant  pressure  of  a  bi- 
atomic  gas,  and  the  ratio  as  determined  by  methods  involving 
quick  expansion  such  as  the  method  of  Clement  and  Desormes), 
while  the  energy  is  spread  into  the  other  modes  with  excessive 
slowness. 

I  believe  that  the  idea  of  Jeans  is  destined  to  play  an  im- 
portant role  in  the  theory  of  radiation  from  substances  not  in 
thermal  equilibrium — which  indeed  is  the  only  actual  existent 
case  of  radiation. 

Consider  the  Welsbach  mantle  for  e.\;  inple.  We  know  that 
its  spectrum  is  abnormal;  that  is,  it  departs  very  widely  from 
ideal  black-body  radiation.  Is  it  likely  that  this  abnormal 
radiation  is  a  genuine  case  of  selective  radiation  in  the  restricted 
sense  of  that  term,  that  is  to  say,  is  it  likely  that  the  hot  sub- 
stance of  the  mantle  presents  all  of  its  possible  modes  of 
molecular  motion  in  approximately  the  relative  intensities 
which  correspond  to  thermal  equilibrium  and  that  the  abnormal 
radiation  is  due  to  a  natural  preponderance  in  this  substance 
of  certain  modes  which  jar  the  ether  so  as  to  produce  luminous 
radiations,  or  is  it  likely  that  the  abiiormal  radiation  is  due  to 
selective  excitation  and  a  consequent  wide  departure  of  the 
hot  substance  from  the  condition  of  thermal  equilibrium?  It 
is  impossible  to  say. 

Energy  is  of  course  imparted  to  the  mantle  by  the  highly 
disordered  movements  of  combustion,  but  surely  these  move- 
ments must  be  very  far  removed  from  the  type  of  molecular 
motion  which  constitutes  thermal  equilibrium.  That  is  to 
say,  the  possibilty  exists  of  a  marked  degree  of  selective  exci- 
tation of  the  substance  of  the  mantle  and  it  seems  to  me  that 
there  is  too  much  of  a  tendency  to  think  of  the  abnormal  radi- 
ation of  the  Welsbach  mantle  as  an  inherent  property  of  the 
mantle  (abnormal  radiation  due  to  selective  radiation  proper 
is  due  to  an  inherent  property  of  a  substance ;  abnormal  radia- 
tion due  to  selective  excitation  depends  of  course  to  some  ex- 
tent upon  inherent  properties  of  a  substance,  but  also  it  depends 
quite  as  much  upon  the  character  of  the  selective  excitation) 
whereas  it  may  be  a  mutual  property  of  the  mantle  material 
and  the  particular  kind  of  combustion  which  is  employed  to 
heat  the  mantle. 

Consider  the  ordinary  glow-lamp.  Here  we  have  unlimited 
possibility  of  selective  excitation  because  the  motion  which 
constitutes  the  electric  current  is  probably  a  highly  particu- 
larized  mode   of   motion.     The   approximately   normal    radia- 
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tion  from  a  glow-lamp  seems  to  show  an  extreme  rapidity  of 
spreading  of  energy  among  the  various  modes  of  the  solid  sub- 
stance of  the  filament. 

In  the  case  of  a  vapor-lamp  we  have  perhaps  something  like 
the  same  kind  of  excitation  as  in  a  solid-filament  lamp,  but  a 
very  much  slower  spreading  of  energy,  especially  if  the  vapor 
is  relatively  cool,  and  as  a  result  we  have  an  extremely  abnor- 
mal radiation. 

In  the  firefly,  or  indeed  in  slowly  burning  phosphorus,  we 
most  certainly  have  a  strongly  marked  case  of  selective  exci- 
tation coupled  with  a  comparatively  slow  spreading  of  energy. 
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HIGH-TENSION  OUTLETS. 


BY    ALVIN    MEYERS. 


The  building  outlet  in  high-tension  work  has  become  very 
important  and  will  increase  in  importance  as  higher  pressures 
are  used.  A  great  variety  of  outlet  arrangements  have  been 
tried,  each  company  having  a  method  of  its  own.  Each  ar- 
rangement has  its  disadvantages  and  all  are  liable  to  .  give 
serious  trouble  in  case  of  storms.  Blowing  rain  and  snow  will 
enter  the  building  w4th  the  open  outlet,  while  with  the  bushing 
it  is  found  impractical  to  build  with  glass  or  porcelain  to  suffi- 
cient size  to  obtain  the  necessary  surface  resistance.  Plate 
glass  with  holes  through  the  center  for  the  wires,  which  are 
supported  on  line  insulators,  has  proved  a  serious  menace, 
owing  to  the  leakage  setting  fire  to  timber  construction,  and  the 
formation  of  an  aic  in  metal  construction. 

Inferior  designs  of  outlets  have  often  given  fairly  good  satis- 
faction, due  chiefly  to  local  storm  conditions.  It  is  not  ex- 
tremely difficult  to  provide  ample  insulation  as  long  as  this 
insulation  can  be  kept  thoroughly  dry,  but  when  exposed  to 
driving  rain  and  sleet  defects  appear  very  quickly.  In  all 
cases  the  outlet  insulation  should  be  better  than  that  of  the 
line  itself,  owing  to  electrical  storms  which  are  otherwise  liable 
to  start  a  disastrous  arc  at  the  outlet  end  of  the  building. 

The  early  outlets  of  the  TcUuride  Power  Company  were  of 
two  types  —  the  voltage  on  the  system  being  44,000  between 
lines  on  a  star-connected  bank  of  transformers  with  the  star 
L^roundetl  —  the  first  type  (see  Figs.  1  and  2)  employed  at  the 
power  house  at  Xunns,  Utah,  consisted  of  a  4  in.  by  4  in.  oak 
timber  about  5  ft.  l(;ng  with  a  1-in.  hole  bored  through  the 
center  to  carry  the  wire  which  was  incased  in  a  hard-rubber  tube. 
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The  oak  was  very  carefully  paraffined,  and  then  passed  through 
a  tight-fitting  hole  in  the  wooden  gable  of  the  power  house. 
On  the  outside  each  bushing  was  further  protected  by  a  hood. 
All  of  the  high-tension  gable  and  the  hoods  were  built  with 
iare  from  seasoned  timber,  and  coated  with  shellac  and  varnish. 
These  outlets  have  given  some  trouble  in  the  case  of  a  driving 
storm  of  snow  and  sleet  from  the  direction  favorable  to  the 
wetting  of  the  whole  gable-end  of  the  power  house. 

The  second  type  of  outlet  was  constructed  in  about  the  same 
way,  except  that  the  oak  bushing  was  omitted  and  the  line 
carried  through  an  opening  underneath  the  hood.  In  this 
case,  snow  blo^\^ng  into  the  building  was  probably  responsible 
for  arcing  over  the  transformer  bushings. 

In  1903  a  series  of  tests  were  made  at  the  Telluride  Power 
Company's  laboratory  in  Provo  Canyon,  on  what  was  then  a 
new  insulating  material  called  fibre  conduit.     This  material 


Fig.  1. 

is  intended  for  use  as  underground  conduit.     It  is  manufactured 
in  tubes  of  varying  diameters,  and  in  uniform  lengths  of  5  ft. 
each,  the  walls  being  from    i   to   J   inch  thick.     These  tubes 
secure  their  mechanical  rigidity  and  insulating  properties  from 
a  fibrous  body  treated  with  an  asphaltum  compound. 
The  results  of  the  tests  were  as  follows: 
Walls  i  in.  thick  punctures  at  34.000  to  36.000  volts. 
"      I    •*       "  *'  •*    49,000    **  57,000      " 

No  appreciable  deterioration  could  be  detected  when  the 
potential  was  maintained  near  the  breakdown  point  for  10  hours. 
The  arc  at  first  seems  very  loath  to  hold  near  the  surface  of  a 
dry  conduit;  but  after  a  continued  test  with  constant  leakage 
the  arc  finally  starts  and  carbonizes  a  channel  when  it  will 
hold  along  the  surface.  An  arc  sufficiently  violent  to  car- 
bonize the  dry  surface  causes  the  material  to  bum  with  ver\' 
little  flame,  which  goes  out  almost  instantly  when  the  current 
is  turned  off.     Wet  surfaces  deteriorate  very  rapidly,  burning 
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and  carbonizing  over  almost  the  entire  surface.  This  burning 
is  plainly  visible  some  time  before  actual  breakdown  occurs, 
and  begins  at  a  point  so  low  as  compared  with  dry  surface  tests 
that  it  was  difficult  to  make  any  comparison,  especially  as  the 
amount  of  moisture  and  the  rapidity  with  which  the  test  piece 
dried  off  after  being  soaked,  was  quite  variable. 

A   bushing   was  next  built  up,  as  shown  in  Fig.   3.     This 
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bushing  was  built  of  three  straight  lengths  of  fibre  conduit; 
IJ-in.,  2i-in.,  and  4-in.  tubes  being  placed  concentrically,  the 
spaces  being  filled  with  ozokerite.  The  outer  end  consisted  of  a 
4-in.  T-joint  capped  on  the  upper  end  and  fitted  with  a  G-in. 
nipple  on  the  lower  end,  this  latter  serving  as  a  petticoat.  A 
rubber-covered  Xo.  8  flexible  lead  through  the  bushing  was 
made  one  terminal  of  the  transformer,  the  other  terminal  was 
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wrapped  around  the  bushing  at  approximately  what  \voul<i  be 
the  wall  position  tur  such  bushing.  With  this  arrangement, 
64,000  volts  and  upwards  was  applied  for  over  five  days,  and 
although  there  appeared  to  be  considerable  radiation  from  the 
wires  no  surface  leakage  could  be  detected.  Later  the  voltaj^e 
was  raised  to  110,000  when  light  arcs  and  streamers  cn-er  the 
end  of  the  bushing  inside  of  the  transformer  house  indicated 
that  the  limit  of  surface  resistance  was  reached,  but  no  burning 
or  puncture  was  obtained i. 

For  the  purpose  of  making  the  wet  test,  a  hose  with  river 


Fig.  3. 


water  was  set  playin.c:  ai:::ainst  the  j^able  of  the  transformer 
h  )Msc  abnve  the  bnshinir.  This  threw  a  heavy  spray  over  that 
[>:irt  f)f  t.lu.'  bush  in*/  <)ursilc  the  transfnrmcr  house.  First.  th(* 
ir  isc  was  left  playiiiL:  f'  >r  t  W'  •  Iv  'urs ;  then  the  pressure  was  raise!  in 
ab')ut  ")  <er.  .n  :s  \r^^\\^  0  t«>  IS. ()()()  vlts  wlion  a  heavy  arc  f'-nnv  1 
aer"ss  the  1-in.  ai:-;'-aT)  at  tlie  en-l  ni  tlie  bushing,  thence  a!'  r-.: 
the  surfrn'e  i"  tl^-  v.ive  v.Ta])pin;^  The  pressure  was  instantly 
taken  <-;";"  and  a!"-i.-  i-yiTvj  f'lr  K)  to  15  minutes  fthe  atmc)Si.'horc 
v/as  very  -iry  \vi*h  -■  Ti^.e  wind-  the  pressure  was  a.c:ain  ap]^Iie<.] 
without  the  h<ise  bein;'  turnt'd  on.  and  the  bushing  stood  uj: 


1906J  MEYERS:  HIGH -TEX  SION  OUTLETS  ^69 

under  64,000  volts.  An  examination  showed  no  appreciable 
*:arbonization.  Next  the  hose  was  turned  on  again  and  the 
pressure  raised  more  gradually  with  readings  of  voltmeter  and 
wattmeter  taken  on  the  low-tension  side.  Excessive  burning 
over  the  bushing  surface  became  visible  at  30,500  volts,  but 
the  wattmeter  reading  showed  excessive  loss  starting  at  22,000 
to  23,000  volts.  Finally  the  bushing  was  severely  burned  on 
the  surface  by  allowing  a  heavy  arc  to  hold  for  several  .minutes 
while  the  hose  was  playing.  This  caused  a  carbonized  channel 
to  be  formed  about  2  ft.  in  length  along  a  rather  erratic  path, 
not  zigzag,  but  not  the  shortest  path.  The  channel  was  about 
T^i  in.  deep.  All  this  carbonized  material  was  carefully  scraped 
off  and  the  dry  test  showed  the  bushings  to  be  as  good  as  ever, 
while  the  we*-  test  was  repeated  with  approximately  the  same 
results  as  before.  The  bushing  was  left  in  place  during  the 
progress  of  some  other  tests,  and  has  since  been  subjected  to 
an  actual  storm  test  of  wet  snow  and  snow  and  rain  mixed, 
with  considerable  wind,  lasting  for  about  48  hours. 

An  actual  storm  test  confirms  the  .est  with  hose  and  spray 
of  river  water,  and  the  wet  tests  as  a  whole  show  that  the  surface 
resistance  of  the  conduit  may  be  reduced  80%  by  wetting, 
while  the  puncture  test  remains  practically  the  same  with  dry 
as  with  wet  surface.  A  dry  surface  test  compares  favorably 
with  a  dry  surface  test  on  insulator  glass.  The  puncture  test 
shows  excellent  insulating  qualities. 

From  the  tests  it  will  be  seen  that  this  material  has  properties 
that  make  it,  when  exposed  to  the  weather,  an  unsuitable 
material ;  that  is,  its  surface  insulation  when  wet  is  very  poor, 
while  its  dry  surface  and  puncturing  resistances  are  very  good. 
Numerous  varnishes  and  like  materials  were  used  in  the  en- 
deavor to  protect  the  exposed  surface,  but  without  results  of 
suthcient  value  to  warrant  the  use  of  this  bushing  exposed  to 
weather  conditions. 

In  the  design  of  the  Olmsted  power  house  outlets,  see  Fig. 
4,  it  was  decided  to  make  use  of  the  fibre  conduit  with  the 
ozokerite  filling.  The  bushings  are  filled  chiefly  with  crude 
ozokerite,  while  the  ends  are  sealed  for  short  consecutive  spaces 
with  rhatterton  compound,  minerallac,  and  a  very  brittle 
asphultum  compound.  These  were  used  to  prevent  the  oozing 
out  of  the  material  when  subjected  to  the  heat  of  the  sun  in 
summer.  The  chatterton  compound  has  proved  to  be  less  firm 
than  the  others  and  has  oozed  out  slightly. 


^0 


MEYERS:  HIGH-TE::510\  OUTLETS 


[Dec.  20 


In  r>rdcr  that  the  exter::r  surface  of  these  btxshings  rri^ht  be 
kept  dry.  a  sheet-iron  h»:  i^as  designed  to  protect  them 
ir^/m  storms-  See  Fig.  o.  The  btishings  were  made  of  con- 
siderable len^h  in  order  to  derrease  the  surface  leaVaze. 

The  conductor  in  these  bushinsrs  is  insulated  for  60.000  vV.ts 
with  varnished  cambric  an  I  brail,  and  is  just  large  enough  to 


PROVO  PERMANENT 
•/ALL  OUTLET 


Tr.R£f    CONCENTRJC   TUBEa  OI» 
FIBRE  COMDUIT 


Fic.  4. 


nil  tightly  the  \\  in.  inner  tube  of  fibre  conduit.  These  bush- 
ing's have  proved  quite  satisfactory,  but  it  must  be  noted  that 
the  hood  provides  excellent  protection  against  storms. 

Tests  on  the  1.5  in.  conduit  with  the  insulated  conductor 
cilonc  gave  a  breakdown  by  puncture  at  112,000  volts  at  the  end 
of  one  minute's  application. 
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Later  in  the  spring  of  1905,  a  switching  station  near  Lehi, 
Utah,  was  equipped  with  approximately  the  same  style  of 
bushing,  40,000-volt  insulated  wire  being  substituted  for  the 
60,000- volt  wire  mentioned  above.  It  was  thought  that  a  liberal 
roof  projection  on  the  building  would  protect  the  surface  of 
these  bushings  and  they  were  set  in  the  wall  in  a  much  more 
nearly  horizontal  position  than  at  Olmsted. 

These  bushings  had  been  installed  but  a  short  time  when 
all  nine  were  practically  destroyed  during  a  driving  rain  storm 
accompanied  by  li^:?:htninj3.     Several    were   punctured   and  the 


Fio.  5  —Power  House  at  Olmsted.  Utah. 
10.000  h.p.  capacity;  line  pressure  44,000  volts. 


rest  were  severely  burned  over  the  exterior  surface.  This 
switching  station  is  located  in  an  unprotected  place,  where  it  is 
subject  to  the  full  force  of  storms  as  they  come  across  Utah  Lake. 
In  consideration  of  the  necessity  of  further  protecting  bushings 
of  this  kind  from  surface  breakdown  a  porcelain  collar  was 
designed  to  screw  on  to  the  threaded  end  of  the  4-in.  conduit. 
See  Fig.  6.  Before  screwing  this  collar  on  to  the  conduit,  hot 
f>zokerite  wax  was  poured  over  the  threaded  end  of  the  conduit 
for  a  few  minutes.  A  warmed  collar  was  then  quickly  screwed 
home. 
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In  December  1905  a  switching  station  with  twelve  of  these 
bushings  with  porcelain  collars  was  installed  near  Ogden,  Utah, 
the  building  in  this  case  furnishing  protection  by  a  projecting 
roof.     Thus  far  this  arrangement  has  proved  satisfactory. 


SECTION  01^  WALL  BaSHfNO^ 

44000  VOLT 

T£LLURID£   POWER  COMPANY 

pf^OVO,  UTAH. 


IN.    RUBBCq  INSULATION 


Fig.  6. 


Tests  at  the  laboratories  with  the  bushings  equipped  \vith 
the  porcelain  collars  showed  the  weak  point  to  be  between  the 
collar  and  the  conduit.  Dry  and  wet  tests  alike  broke  down 
between  the  ]K)r('tl:iiTi  and  the  threaded  surface  at  97,000  to 
104,000  volts.  This  would  indicatejthat  this  bushing  was  likely  to 
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give  fail  ly  good  results  even  if  exposed  to  the  weather,  since  as  far 
as  all  line  conditions  are  concerned  there  would  be  no  danger  of 
breakdown  at  the  normal  line  pressure  or  at  any  voltage  that 
might  be  caused  by  switching,  since  a  pair  of  these  bushings 
would  breakdown  at  about  200,000  volts.  It  must  be  remem- 
bered, however,  that  a  lightning  storm  might  easily  produce 
a  potential  from  line  to  ground  that  would  break  down  one 
bushing  alone  at  half  this  voltage,  and  this  is  the  condition  to 
be  feared.  Further  tests  on  this  style  of  bushing  show  that 
the  whole  series  of  tubes  is  likely  to  puncture  at  about  120,000 
to  130,000  volts. 

In  further  pursuing  this  work  for  the  Telluride  Power  Com- 
pany, the  writer  has  endeavored  during  the  past  winter  to 
produce  a  bushing  which  could  be  built  and  installed  so  as  to 
obtain  the  following  desirable  features  which  are  not  obtained 
by  other  designs: 

1.  To  design  a  bushing  one  end  of  which  might  be  directly 
exposed  to  the  weather,  thus  doing  away  with  the  necessity 
of  a  hood  protection  which  is  not  only  expensive  but  has  been 
itself  the  occasion  for  disaster  in  the  case  of  severe  wind  storms 
which  have  in  several  instances  torn  away  the  hoods,  together 
with  the  lines,  and  parts  or  all  of  the  buildings. 

2.  To  design  a  bushing  that  might  be  adapted  to  the  roofs 
of  buildings  so  that  lines  could  be  kept  sufficiently  far  from 
the  ground  with  less  height  of  walls  and  consequently  less 
expense  in  building  small  sub-stations,  etc. 

3.  To  design  a  bushing  of  such  insulating  strength  that  even 
a  building  of  the  cheapest  sheet-iron  construction  could  be 
used  for  a  sub-station  in  an  outlying  district,  without  danger 
from  breakdown  by  puncture. 

4.  To  design  a  bushing  which  would  cost  far  less  in  both 
material  and  labor  than  the  forms  previously  used. 

To  accomplish  the  first  object  it  was  thought  advisable  to 
<:^et  some  reliable  insulator  which  might  be  so  combined  with 
the  fibre  conduit  that  the  exposed  surface  insulation  of  the 
conduit  would  not  be  relied  upon  at  all.  To  do  this  it  was 
thought  that  if  an  ordinary  high-tension  insulator  having 
sufficient  insulating  surface  to  make  it  adaptable  to  an  iron  pin 
could  be  cemented  to  the  conduit  this  part  of  the  problem 
could  be  solved. 

Further,  the  Telluride  Power  Company  secured  some  refined 
ozokerite    which     showed    remarkable    insulating    properties. 
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This  material  as  received  was  a  black  wax  melting  at  150®  cent., 
and  although  it  can  be  readily  broken  with  a  sharp  blow  when 
cold,  it  remains  quite  tough  and  slightly  pliable  when  subjected 
to  a  steady  strain  even  at  0°  cent.  An  electrical  test  of  this 
material  was  prepared  by  moulding  plates  about  i  in.  thick 
into  each  side  of  which,  before  cooling,  circular  lead  punchings 
were  pressed  with  a  pair  of  calipers  until  the  distance  between 
the  lead  discs  was  ^^  of  an  inch.  The  discs  were  then  used 
as  terminals,  and  the  voltage  required  to  ptmcttire  was  from 
120,000  to  130,000  volts. 

In  looking  over  the  different  insulators  on  hand,  a  dozen 
multipiece  insulators  were  found  which  had  been  tested  by  the 
writer  in  1903.  These  insulators  were  found  to  form  a  good 
combination  for  uniting  with  the  fibre  conduit.     See  Figs.  7 
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Fig.  7. 

and  8.  It  was  decided  to  use  a  base  and  one  intermediate 
petticoat  piece  of  this  insulator  as  shown  in  Fig.  7,  depending 
upon  the  ozokerite  filling  to  seal  the  connection  between  the 
conduit  and  the  glass.  It  was  found  that  much  greater  me- 
chanical strength,  that  is,  better  adherence  between  the  glass 
and  ozokerite  was  obtained  by  painting  the  inside  of  the  insu- 
lator with  a  solution  of  ozokerite  dissolved  in  gasoline,  before 
pouring  the  hot  ozokerite  upon  the  glass. 

In  the  above  arrangmcnt  the  adaption  of  the  bushing  to  a 
roof  outlet  is  easily  accomplished  by  using  a  pair  of  wood 
clamps  to  hold  the  bushing  directly  upon  the  ridge  of  the  build- 
ing. The  opening  between  the  clamps  and  around  the  bushing 
could  be  filled  with  ozokerite  wax  and  the  clamp  blocks  then 
bedded  in  a  mortar  of  plaster  of  Paris  mixed  with  plastering 
hair,  and  then  bolted  to  the  roof. 
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To  improve  the  insulating  qualities  so  as  to  make  the  bushing  , 
secure  from  puncture  when  placed  through  a  sheet-iron  roof, 
ozokerite  was  again  considered   on  accoimt  of  the  insulating 
properties  before  noted. 

On  filling  all  previous  bushings  it  was  noticed  that  the  ozoker- 
ite seemed  to  boil  and  froth  considerably  when  poured  into 
the  conduit.  Numerous  tests  were  made  of  the  puncturing 
voltages   on   bushings   filled   in   the   simplest   manner.     From 
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these  tests  it  was  found  that  actual  air-holes  were  left  in  the 
ozokerite,  and  the  puncturing  resistance  was  seldom  increased 
by  so  filling.  This  led  to  an  efiPort  to  fill  the  conduit  so  as  to 
insure  a  solid  mass  of  ozokerite,  anticipating  that  if  this  could 
be  accomplished  the  puncturing  resistance  would  be  increased 
many  times. 

In  the  attempts  to  insure  this  homogenous  condition  of  the 
ozokerite  the  following  experiments  were  tried:  pouring  at 
different  temperatures;  kiln-drying  the  conduit;  rinsing  out  the 
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conduit  with  hot  ozokerite  before  filling,  pouring  and  stirring, 
and  lining  the  interior  of  the  conduit  with  heavy  brown  draught- 
ing paper.  The  latter  was  finally  found  to  give  success  after 
rinsing  out  with  hot  ozokerite,  or  rather  filling  and  then  empty- 
ing and  refilling  after  heat  had  driven  all  froth  off  the  material 
that  had  been  used  in  rinsing.  The  pouring  was  finally  done 
very  slowly,  only  a  foot  or  so  at  a  time  \rith  half-hour  intervals, 
owing  to  the  extreme  contraction  of  the  ozokerite  in  cooling. 
This  procedure  kept  the  top  part  always  hot  so  that  it  couid 
sink  down  as  it  cooled  from  the  bottom.  Several  pieces  of 
i-in.  conduit  were  thus  built  up  with  a  wire  through  the  center, 
and  the  voltage  applied  to  cause  puncture  reached  140,000 
volts  and  over,  while  the  conduit  alone  punctured  at  49,000  to 
57,000  volts. 

It  should  be  stated  that  much  labor  was  thrown  away  by  a 
burnt  lot  of  ozokerite  which  was  finally  discovered  by  attempt- 
ing to  chew  samples  both  of  the  material  used  and  of  fresh 
wax.  The  burnt  material  would  crumble  in  the  mouth  and 
could  not  be  formed  into  a  gum,  while  the  fresh  wax  would 
form  a  tough  gum. 

With  the  experience  gained  from  these  tests,  and  the  objects 
before  mentioned  in  view,  a  complete  bushing  was  now  built 
up  according  to  the  following: 

Specifications    for   Coxstructing    and   Installing 
44,000-VoLT  Outlet  Bushings. 

Constructing.  Take  a  petticoat  piece  and  one  base  of  an 
insulator,  as  shown  in  Fig.  7,  clean  them  carefully  and  paint 
the  interior  surfaces  with  a  solution  of  ozokerite  wax  dissolved 
in  gasoline.  Place  both  pieces  upon  a  radiator,  or  make  some 
similar  condition  where  the  glass  may  be  warmed  up  slowly, 
finally  attaining  a  temperature  of  from  150  to  200°  fahr. 

Prepare  a  piece  of  \\  in.  conduit.  5  ft.  long,  by  rolling  a  piece 
of  heavy  brown  draughting  paper  7  in.  wide  by  5  ft.  long  upon 
a  round  slick  or  piece  of  pipe  and  insert  the  paper  into  the 
conduit;  then  let  the  paper  spring  out  and  withdraw  the  form. 
Heat  some  of  the  ozokerite  until  thoroughly  fluid  and  free 
from  froth  and  fill  the  conduit.  A  wooden  plug  held  by  a  thumb- 
tack is  sutficient  to  close  one  end  while  filling.  When  full, 
empty  the  conduit  (saving  the  ozokerite  for  final  filling)  and 
place  it  into  a  form  to  hold  it  straight.  A  straight  piece  of 
plank  with  a  few  cleats  and  screws  will  serve  for  this  purpose. 
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The  wire  should  be  of  bare  copper  of  the  size  desired,  with  a 
J  in.  threaded  brass  sleeve  IJ  in.  long  soldered  6  in.  from  one 
end.  Pass  the  wire  through  the  prepared  conduit.  A  wood 
block  2  in.  in  diameter,  1  in.  thick  with  a  hole  in  the  center 
should  then  be  slipped  over  the  free  end  of  the  wire,  and  a  brass 
wire  connector  should  be  clamped  or  soldered  back  of  the 
block  so  that  '\\  will  pull  the  block  against  the  conduit,  when 
the  threaded  sleeve  is  6  in.  beyond  the  other  end  of  the  conduit. 
By  using  a  threaded  nut  on  the  brass  sleeve  and  drawing  against 
some  stays  upon  the  form,  the  wire  may  now  be  firmly  tightened 
and  drawn  centrally  within  the  condui::. 

With  the  conduit  in  the  form  and  ozokerite  in  good  fluid 
state  and  free  from  froth,  begin  pouring,  the  conduit  being 
inclined  about  60°  ^.vith  the  horizontal.  First  fill  the  first  2  ft. 
and  then  fill  a  foot  at  a  time  at  intervals  of  ab:)ut  one  half  hour. 
Longer  intervals  should  be  used  in  hot  weather.  Keep  the 
wire  tight;  heat  will  loosen  it. 

When  filled  and  cold,  wrap  the  conduit  with  wire  (or  tin  foil) 
using  wires  about  1  in.  apart  to  within  about  14  in.  of  either 
end.  With  the  wTapping  as  one  terminal  of  the  testing  trans- 
former, and  the  central  wire  as  the  other  terminal,  raise  the 
voltage  slowly  up  to  120,000  volts. 

If  the  test  is  without  puncture,  remove  the  form  and  slip 
the  base  of  the  warm  insulator  over  one  end — the  end  may  have 
to  be  shaved  down  slightly  to  make  it  enter  the  insulator  with 
a  good  fit.  Slip  a  piece  of  2^  in.  conduit  over  the  other  end  to 
within  a  few  inches  of  the  glass.  Then  fill  the  base  of  the  glass 
with  ozokerite  (not  too  hot)  and  slip  the  2J  in.  piece  of  conduit 
into  the  hot  wax  as  far  as  possible:  it  should  enter  an  inch 
beyond  the  threads  at  least.  After  a  few  moments  for  cooling, 
stand  the  bushing  upon  the  lower  end  and  put  on  and  fill  the 
petticoat  insulator  piece,  lifting  it  quickly  before  the  ozokerite 
cools  just  sufficient  to  let  the  ozokerite  run  into  the  joint  between 
the  two  glass  pieces.  In  filling  the  glasses,  care  should  be 
taken  not  to  have  the  ozokeiite  extremely  hot  but  in  a  thor- 
oughly fluid  condition.  The  pouring  should  be  done  continu- 
ously but  slowly. 

When  the  material  in  the  insulator  has  cooled,  turn  the 
bushing  upside  down  and  fill  between  the  2^  in.  and  the  IJ  in. 
conduit  pieces  with  ozokerite.  When  this  has  cooled,  test 
for  puncture  again,  wrapping  the  whole  bushing  from  the  glass 
to  within  14  in.  of  the  lower  end  with  a  wire  for  one  transformer 
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terminal  and  the  central  wire  of  the  bushing  for  the  other 
terminal.  Bring  the  voltage  up  slowly  to  120,000  volts  as 
before. 

If  the  test  docs  not  puncture  it  shows  that  the  filling  of  ozoker- 
ite has  been  successful  and  the  bushing  ^411  probabh-  require 
something  over  170,000  volts  to  puncture :  since  the  2  J  in.  conduit 
alone  has  an  insulation  resistance  of  about  50,000  volts.  If 
the  inner  tube  has  received  a  blow  or  mechanical  injury  when 
cold  and  before  being  supported  mechanically  by  the  ?J  in. 
outer  tube,  the  two  will  break  down  at  about  80,000  volts. 

After  this  test,  the  cap  and  gasket  may  be  put  on  top  of  the 
insulator  and  securely  fastened  by  using  a  J  in.  nut  and  cut 
washer. 

A  pair  of  clamps  should  now  be  made  of  two  4  in.  by  S  in. 
timbers  each  about  20  in.  long,  and  bolted  to  the  bushing  1  ft. 
below  the  glass  insulator.  Clamps  should  be  sawed  to  fit  the 
pitch  of  the  roof  so  that  when  fastened  to  the  bushing  the  slot 
between  the  clamps  may  be  filled  with  ozokerite  so  as  to  make 
them  water  tight.  Several  coats  of  good  paint  should  be 
applied  to  the  clamps  to  prevent  weather-checking.  Foui  J-in. 
carriage  bolts  with  nuts  and  washers  long  enough  to  reach 
through  the  ends  of  the  clamps  and  the  roof  should  be  supplied 
with  the  bushing. 

Installing.  Each  bushing  is  designed  to  go  directly  through 
the  ridge-pole  of  the  building.  The  sleeve  on  the  lower  end 
of  the  bushing  may  be  removed  and  a  hole  cut  through  the 
ridge  just  large  enough  to  allow  the  bushing  to  pass  freely 
through.  The  bushing  should  then  be  set  in  place  and  the 
holes  marked  for  the  roof  bolts.  The  bushing  is  then  lifted 
up  and  these  holes  drilled,  after  which  a  bed  is  made  of  plaster 
of  Paris  mixed  with  hair;  the  bushing,  is  then  lowered,  and  the 
clamp  blocks  bolted  to  the  roof. 

The  bushings  should  be  spaced  at  least  S\  ft.  on  centers:  pre- 
ferably 4  ft.,  and  like  distances  should  be  left  between  the 
bushing  and  the  gable-end  of  the  building. 

When  the  bushing  is  in  place  the  2^  in.  coupling  at  the  lower 
end  should  be  screwed  back  and  plugged  full  of  plaster  of  Paris, 
the  purpo«:e  being  to  keep  the  ozokerite  from  oozing  out. 

The  bushings  are  not  designed  to  withstand  any  appreciable 
mechanical  strain,  hence  it  woultl  be  preferable  to  set  a  pole 
on  either  side  of  the  building  to  carry  the  main  line  over  the 
building,  thence  dropping  short  taps  to  the  bushings;  or  set  a 


1906] 


MEYERS:  HIGH-TENSION  OUTLETS 


879 


**  dead  end  *'  pole  very  close  to  the  btiildings  so  that  the  span 
of  the  bushing  may  be  very  short  and  the  wires  slack.  Ground 
each  bushing  with  a  No.  4  bare  wire,  about  three  turns  both 
just  above  the  clamp-blocks  and  just  beneath  the  roof. 

According  to  the  above  specifications,  one  bushing  was  first 
built  and  installed  through  a  sheet-iron  roof  of  the  transformer 
house,  and  96,000  to  100,000  volts  applied  between  the  ground 
wrapping  and  the  bushing  terminal  for  about  three  days  during 
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which  several  severe  wet  snow  storms  occurred.  A  special 
test  made  during  this  storm  is  shown  in  Fig.  9. 

After  this  a  voltage  of  S,S,000  was  applied  to  the  bushing  for 
over  three  weeks,  with  recording  instruments  on  the  low-tension 
side  of  the  transformer  recording  watts  and  volts.  Although 
a  number  of  storms,  wind  and  snow,  more  or  less  severe,  occurred 
during  this  time,  no  appreciable  change  could  be  noted  on  the 
wattmeter  which  was  sensitive  to  a  difference  of  about  30  watts. 

Shortly  after  the  test  of  the  first  bushing,  four  more  were 
built;  three  for  a  small   sub-station  on  the  Telluride  Powet 
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Company's  system,  and  one  to  complete  the  pair  of  bushings 
for  outlets  of  the  150,000- volt  testing  transformer  house  at 
Olmsted.     The  cost  of  building  these  bushings  is  given  below: 

Cost    op     Material     Used     For    Three    Outlet 
Bushings. 

3  pieces  of  2\  in.  fibre  conduit  5  ft.  at  9  cents $1 .  35 

3     "       "  li   "      "          *'        "  "    "5     "    0.75 

3  '*  "  No.  4  copper  wire,  each  7  ft.  long,  3  lb.  at  26c .. .  0 .  78 
3  insulators    consisting   of    one  middle   piece  and   base 

(estimated) at  27c.  0.81 

Three  2J-in.  fibre  conduit  couplings  threaded  15  cents. . .  0.45 

20  lb.  of  ozokerite  at  7  cents 1 .  40 

1  box  tape 0. 29 

18-i  in.  by  9  in.  carriage  bolts 0 .  65 

6  in.  J-in.  brass  rod,  J  lb 0.15 

2  lb.  J  in.  rainbow  packing,  at  60  cents 1 .  32 

36  bd.  ft.  common  lumber 0.83 

25  lb.  plaster  paris 0.16 

5  lb.  plastering  hair,  at  2  cents 0. 10 

Labor,  one  man  3  days  (estimated) 9 .  00 

SIS. 04 

A  true  comparison  is  hard  to  obtain  in  regard  to  the  cost  of 
the  various  styles  of  outlets  that  have  been  mentioned.  It  is 
probably  a  safe  estimate  to  say  that  in  the  case  of  bushings 
requiring  hoods,  the  hoods  alone  cost  from  $12  to  $30  per 
bushing.  The  bushings  at  Olmsted  station  cost  $25  each  to 
build,  and  the  cost  (;f  hooding  per  bushing  was  about  $.'^0. 
The  porcelain  collared  bushings  have  cost  $18  to  build,  and  the 
hooding  may  be  estimated  at  $12  each.  With  the  bushing 
designed  and  built  under  the  above  specifications,  it  will  be 
seen  from  the  itemizetl  hill  that  the  cost  per  bushing  is  about 
$6.00  while  the  cost  of  installation  and  hooding  is  practically 
zero. 

All  laboratory  tests  indicate  that  the  electrical  properties  of 
the  new  bushini:  arc  fai  superior  to  those  of  other  designs. 
The  only  questions  that  may  arise  are  in  regard  to  the  dura- 
bility in  service,  when  the  ozokerite  is  subjected  to  such  tem- 
peratui-e  and  mechanical  strains  as  cannot  be  avoided. 
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RECENT  INVESTIGATION  OF  LIGHTNING  PROTECTIVE 

APPARATUS. 


BY  R.  P.  JACKSON. 


Owing  to  the  peculiar  nature  of  lightning  and  similar  disturb- 
ances, a  variety  of  opinions  continues  to  exist  concerning  their 
action  and  the  usefulness  of  various  devices  for  protecting  against 
thcni.  In  this  paper,  an  attempt  is  made  to  outline  the  most 
dominant  characteristic  of  lightning  as  manifested  on  electric 
circuits  and  recent  investigation  as  to  what  characteristics  pro- 
tective devices  should  possess  and  to  what  degree  they  have 
been  found  in  practice  to  possess  them. 

While  the  record  of  effectiveness  of  various  devices  in  service 
is  the  final  test,  very  misleading  results  may  be  still  obtained, 
due  to  the  large  factor  of  chance  and  accident  sure  to  be  encount- 
ered, and  to  the  difficulty  in  ascertaining  the  actual  condition 
after  everything  is  past.  It  has  sometimes  happened  that  an 
operator  has  had  the  greatest  assurance  that  he  obtained  pro- 
tection from  a  particular  arrester,  when  a  little  investigation 
mixed  with  common  sense  would  show  that  by  no  means  could 
the  device  have  done  any  good. 

A  Mechanical  Analogy. 

In  many  ways  the  various  characteristics  of  electric  circuits  can 
be  represented  by  mechanical  analogies,  though  no  one  analogy 
will  hold  good  for  all  the  phenomena.  So,  while  helpful,  caution 
must  be  exercised  or  one  will  be  lead  astray.  The  following 
analogy  is  not  new,  but  is  especially  well  fitted  to  represent  the 
static  elements  of  an  electric  circuit. 

Assume  an  elastic  fluid  like  a  heavy  gas  having  inertia  and 
capable  of  various  states  of  pressure  and  motion  without  chang- 
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ing  its  characteristics.  Enclose  this  fltiid  so  as  to  flow  in  directed 
paths,  such  as  pipes,  and  provide  pistons,  as  shown  in  Fig.  1, 
one  of  which  may  receive  power  and  the  other  deUver  it.  If  one 
of  these  pistons  is  moved  back  and  forth,  the  fluid  in  the  pipes  is 
compressed  and  expanded  in  turn  while  the  other  piston  moves 
a  little  later  in  phase  and  may  do  work.  The  amplitude  of 
motion  determines  the  flow  of  fluid. 

Electrically,  we  may  consider  that  one  of  these  pistons  repre- 
sents a  generator  and  another  a  translating  device,  such  as  a 
transformer.  The  ability  of  the  fluid  to  be  compressed  and  ex- 
panded corresponds  to  the  electrostatic  capacity  of  the  line, 
while  the  inertia  and  frictional  resistance  to  the  motion  of 
the  fluid  represent  respectively  the  inductance  and  the  resistance 
of  the  line. 

Choke-coils  may  be  represented  by  smaller  pistons  C,  C,  of 
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considerable  inertia  but  moving  freely  in  the  pipe.  It  may  be 
noted  that  the  pistons  P,P,  which  represent  the  generator 
and  transformer,  likewise  have  inertia  but  are  also  moving 
against  the  resistance  ot  their  Itxid  or  the  work  that  is  being  done. 
Small  plugged  vents  .1.  .1  are  the  equivalent  of  the  Ughtning- 
arresters.  The  resistance  to  tlie  flow  of  fluid  through  them  after 
the  plugs  have  been  ejected  corresponds  to  the  series  resistance 
of  the  arrester,  while  the  security  with  which  the  i>lugs  are  held 
represents  the  length  of  i^ap.  It  is  obvious  of  course  that  very 
small  holes  for  vents  will  i^Hve  correspondingly  Httle  rehef  in  case 
there  should  develop  a  rise  of  pressure.  A  larger  hole  will  give  a 
greater  dei^ree  of  relief  fn)iri  excess  pressure,  and  the  size  of  vent 
necessary  to  limit  the  j)ressure  at  a  given  point  to  any  value  is 
dependent  on  the  rapidity  with  wiiich  fluid  at  any  objectional 
higher  pressure  can  reach  the  vicinity  of  the  vent.     The  result 
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of  numerous  experiments  indicates  that  a  true  conception  of 
the  effect  of  lightning  and  other  static  phenomena,  on  trans- 
formers and  generators,  is  only  to  be  had  by  considering 
them  as  analogous  to  cases  of  impact  of  surges  in  an  elastic  fluid. 

Suppose  we  assume  in  Fig.  1,  that  an  explosion  has  occurred 
at  some  point  in  the  pipe  and  that  this  explosion  has  had  the 
effect  of  producing  for  some  length  of  the  pipe  an  immensely 
"ncreased  pressure.  This  fluid,  if  retained  by  the  pipe,  will  ex- 
pand in  each  direction  with  a  rapidity  controlled  mainly  by  the 
inertia  and  elasticity  of  the  fluid.  If  this  wave  of  high  pressure 
strikes  a  piston  of  great  inertia  an  additional  rise  of  pressure 
and  also  a  reflection  of  the  wave  will  occur.  If  we  are  especially 
desirous  of  keeping  the  pipe  from  bursting  near  the  piston,  or 
if  it  happens  to  be  impossible  to  make  the  pipe  as  strong  near 
the  piston  as  elsewhere,  there  are  two  devices  which  serve  to  re- 
lieve the  stress  at  that  point.  They  are  indicated  in  Fig.  1  and 
operate  in  different  ways.*  A  loose  piston  of  considerable  inertia 
will  reflect  part  of  the  wave  before  it  reaches  the  main  power 
piston  and  so  relieve  the  strain  on  the  pipe  in  the  v^icinity  of  the 
latter.  Also  a  suitable  vent  will  permit  the  escape  of  sufficient 
fluid  to  limit  the  rise  in  pressure.  How  may  this  analogy  be 
applied  to  electric  circuits? 

If  a  wire  becomes  inductively  charged  for  a  portion  of  its 
length  by  a  cloud  overhead,  and  this  cloud  discharges  to  ground, 
a  free  charge  suddenly  exists  on  the  wire  and  at  once  expands 
in  both  directions  with  about  the  velocity  of  light.  If  this  charge 
escapes  at  some  point  through  a  certain  amount  of  inductance, 
oscillations  will  of  course  be  set  up.  Under  proper  conditions 
the  elastic  fluid  assumed  in  the  analogy  would  act  in  the   same 

*An  attempt  to  make  an  analogy  include  all  the  phenomena  of  electric 
circuits  leads  to  burdensome  complications.  It  may  be  observed  that 
pistons  are  only  suitable  to  illustrate  or  represent  inductances  where 
the  flow  of  the  fluid  is  considered  to  be  alternating.  A  true  analogue 
is  to  assume  a  heavy  pivoted  mass  like  the  rotating  part  of  a  steam 
turbine.  After  such  a  mass  had  been  set  rotating  by  continuously  flowing 
fluid,  it  would  offer  no  further  impediment  to  flow,  except  the  incidental 
frictional  resistance,  just  as  inductance  acts  with  continuous  current. 

If  such  a  mass  be  equipped  with  a  multitude  of  small  vanes,  there  will 
be,  while  the  mass  is  being  accelerated,  a  difference  in  pressure  from  one 
end  to  the  other,  manifested  by  the  fluid  driving  or  accelerating  the  mass. 
A  heavy  surge  in  the  fluid  striking  the  vanes  might  bend  or  break  some 
of  the  first  row  or  circle  before  the  mass  could  be  accelerated.  This  re- 
presents in  some  degree  the  breaking  down  between  turns  of  electrical 
apparatus. 
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manner.  The  probable  eflfect,  however,  is  simply  that  this 
charge  in  expanding  strikes  the  transformer  with  a  terrific  im- 
pact. The  inductance  or  electrical  inertia  of  the  transformer 
causes  the  surge  to  bank  up  in  a  manner  similar  to  water-hammer 
in  a  pipe.  A  rise  in  pressure  and  partial  reflection  occurs, 
dependent  in  amount  on  the  suddenness  of  impact  or  steepness 
of  the  wave-front  of  the  surge.  It  should  be  noted  that  though 
this  illustration  is  used  because  water-hammer  is  a  familiar  phe- 
nomena, the  analogy  is  not  entirely  true  inasmuch  as  water  is 
not  so  elastic  as  a  gas. 

It  is  the  effect  above  noted  that  causes  the  bursting  of  trans- 
former and  circuit-breaker  bushings,  though  their  insulation 
is  stronger  than  that  of  the  hne  from  which  the  surge  comes. 
The  pressure  near  the  transformer  terminal  is  greater,  perhaps 
twice  as  great  as  it  is  at  some  distance  back  on  the  line.  Fig. 
2  shows  what  might  be  an  instantaneous  condition  when  F  re- 
presents the  line  and  P  the  transformer  winding. 


J 


/Tk 


nT]TTTT>. 


W///////////////////A 


F/o.2 


The  Choke-coil. 

Now  to  revert  to  the  analogy,  it  can  be  assumed  that  inertia 
is  represented  by  the  pistons  C  C  and  there  can  be  inserted  its 
electrical  equivalent,  an  inductance  or  choke-coil.  Apparently 
a  well-insulated  choke-coil  in  the  lead  of  the  transformer  simply 
divides  this  impact  into  two  parts,  as  shown  in  Fig.  3.  Fig.  3 
does  not,  of  course,  represent  an  instantaneous  condition,  but 
rather  the  two  maxima  with  a  slight  time-interval  between. 
There  are,  of  course,  two  separate  reflections;  one  from  the  choke- 
coil,  and  one  from  the  transformer  winding. 

It  should  be  noted  that  there  are  two  stresses;  one  from 
the  conductor  to  ground,  the  other  between  different  parts 
of  the  same  conductor.  In  Fig.  2,  there  is  a  large  difference  of 
potential  between  the  lead  and  a  point  a  short  distance  in  on 
the  winding.  This  is  the  cause  of  the  breaking  down  between 
turns  of  transformers  and  generators,  one  of  the  commonest 
manifestations  of  lightning  trouble. 
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As  indicated  in  Fig.  3,  there  is  for  an  instant  a  large  difference 
of  potential  between  the  terminals  of  the  choke-coil,  and  a  mo- 
ment later  a  condition  similar  to  that  in  Fig.  3  occurs  in  the  trans- 
former, but  to  a  less  degree.  The  amount  of  inductance  in  the 
choke-coil  determines  the  amount  of  impact  taken  up  by  the 
coil  and  the  corresponding  relief  to  the  transformer. 

Fig.  4  shows  how  these  stresses  are  distributed  in  a  transfor- 
mer winding.  A  30,000-volt  transformer  winding  of  2000  turns 
had  leads  brought  out  every  200  turns.  It  was  arranged  to  have 
a  condenser  of  0.1  microfarad,  charged  to  about  50,000  volts, 
discharge  into  and  through  this  transformer.  Spark-gaps  were 
placed  between  adjacent  leads,  in  each  case  spanning  200  turns. 
Fig.  4  shows  the  curve  for  only  half  of  the  transformer  winding. 
Curve  A  shows  the  rise  in  pressure  across  each  section  when  unpro- 
tected. Curve  B  shows  the  result  when  a  choke-coil  of  0.01C5 
henry  is  placed  in  the  lead.     Curve  C  indicates  the   flattening 
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effect  on  the  potential  distortions  within  the  transformer  when 
a  choke-coil  of  0.1704  henry  is  used. 

It  would  appear  that  in  an  unprotected  transformer,  the  first 
turns  take  the  greater  part  of  the  strain  and  they  also  act  as  a 
choke-coil  to  the  rest  of  the  transformer.  The  reduction  in  stress 
across  the  first  10%  of  the  windings  by  the  use  of  the  external 
inductance  is  very  obvious. 

Fig.  5  shows  the  result  on  the  first  10%  of  the  windings  whore 
various  inductances  from  zero  to  0.07  henry  are  used.  With  no 
choke-coil,  the  stress  appearing  across  the  leads  1  and  2  is  taken 
at  100%.  With  the  different  choke-coils  the  lovv-er  values  in- 
dicate the  per  cent,  that  may  still  be  said  to  pass  through  the 
choke-coils  and  appear  as  stresses  across  the  first  200  turns  of 
the  transformer  windings. 

A  flatter  wave- front  would,  of  course,  tend  to  make  Curve  A 
Fig.  4  approach  Curve  C  and  the  curve  of  Fig.  5  would  have  a 
lower  maximum,  but  would  probably  take  the  same  shape;  that 
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is,  the  same  coil  would  permit  the  same  percent,  of  the  maximum 
rise  in  the  transformer,  independent  of  the  wave-front. 

A  transformer  of  different  design  would  also  probably  give  a 
similar  curve,  except  that  for  the  same  surge  a  different  proportion 
of  the  windings  would  be  required  to  give  the  same  rise  in  pressure. 
In  other  words,  it  docs  not  appear  to  be  a  certain  per  cent,  of  the 
transformer  winding  that  receives  the  shock;  but,  it  is  more  prob- 
able that  the  first  inductance  encountered  by  the  surge  receives 
the  stress  to  a  certain  depth  measured  from  the  end  of  the  winding 
which  first  receives  the  blow.     If  external  inductance  is  inserted, 
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the  amount  of  the  stress  taken  up  by  it  will  depend  on  its  amount, 
all  vahies  considered  independently  of  the  iron.  Therefore  a 
transformer  of  a  very  few  turns  would  naturally  have  such  an 
impact  stress  distributed  over  most  of  its  windings,  while  one  of 
many  turns  is  only  endani^^cred  in  the  first  small  per  cent,  of  its 
windinij^s.  As  the  inductance  of  any  coil  is,  in  general,  propor- 
tional to  the  product  of  the  mean  turn  and  the  square  of  the  num- 
ber of  turns,  it  follows  tliat  the  larger  a  transformer  is.  Vie  better 
is  its  inherent  insulation  a.c^^ainst  the  impact  stres-^es.  For 
example,  assume  two  transformers  that  at  the  same  frequency 
will  give  25  and  4  volts  per  turn  respectively;  presumably  one 
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will  have  insulation  for  1000  volts  total  between  the  first  40  turns, 
while  the  other  will  be  provided  with  that  amount  of  insulation 
only  for  the  first  250  turns.  The  same  inductance  encountered 
in  the  first  40  turns  of  the  larger  transformer  will,  however,  be 
found  in  the  first  63  turns  of  the  smaller.  The  insulation  of  the 
latter  would  normally  be  for  only  250  volts,  there  being  only 
i  the  number  of  turns  required,  for  1000  volts  operating  po- 
tential. Consequently  the  smaller  transformer,  while  suitably 
insulated  for  its  operating  condition  at  normal  frequency,  is  not 
so  well  protected  against  surges  as  the  larger  one. 

In  a  general  way  the  curve  of  Fig.  5  is  borne  out  by  results 
from  coils  in  use.     Coils  of  low  inductance  have  in  some  cases 
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permitted  sufficient  disturbance  to  penetrate  as  to  damage  the 
transformers,  while  the  better  type  of  oil-insulated  coils  have 
been  such  good  reflectors  that  the  only  difficulty  has  been  in 
maintaining  the  insulation  of  the  coil  itself  against  the  banking 
up  of  potential  across  it. 

A  reasonable  deduction  from  Fig.  5  is  that  coils  of  very  low 
inductance  are  practically  useless;  while  for  coils  of  inducta  ice 
greciter  than  0 .  06  henry  the  protection  increases  very  little  with 
the  increase  of  inductance  in  the  coil. 

Moreover,  with  increase  of  inductance  in  the  choke-coil  we 
encounter  another  difficulty.  These  inductances,  of  course,  pro- 
duce a  drop  in  voltage.     The  electromotive  force  across  the 
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terminals  of  a  coil  is  proportional  to  the  current  in  that  coil,  but 
approximately  90  degrees  out  of  phase  with  the  current. 
Hence  when  the  power-factor  of  the  load  is  nearly  unity  the 
resulting  drop  in  voltage  is  relatively  very  small.  If  the  power- 
factor  of  the  circuit  is  low,  however,  the  electromotive  force 
across  the  choke-coil  comes  more  into  phase  with  the  impressed 
voltage  and  becomes  of  consequence.  Figs.  6  and  7  show  curves 
based  on  inductances  giving  1%  drop  per  coil  at  80%  power- 
factor  at  25  cycles  and  60  cycles  respectively.  Thus  in  a  one- 
phase  circuit  with  coils  on  each  side  of  the  circuit,  the  drop  at 
full  load  and  80%  power- factor  would  be  2%.  This  value  is  simply 
assumed  as  an  extreme  maximum  to  which  one  might  go.  With 
power-factor  near  unity,  even  these  inductances  would  not  cause 
an  appreciable  drop.* 

From  Fig.  5  it  would  seem  that  from  0.002  to  0.025  henry 
should  be  the  useful  range  of  values  from  the  point  of  view  of 
protection.  Figs.  6  and  7  indicate  to  what  degree  such  induc- 
tances may  be  used. 

From  these  it  appears  impossible  to  obtain  much  choke-coil 
protection  for  60-cycle  circuits  of  low  voltage  and  power-factor 
and  large  currents  on  account  of  the  prohibitive  drop.  In  all 
other  cases  shown  a  suitable  inductance  may  be  inserted  with 
a  permissible  drop.  For  higher  voltages,  the  per  cent,  drop  will 
be  negligible.  Also  if  the  power-factor  of  the  load  is  near  unity, 
even  such  inductances  as  have  been  indicated  as  desirable  will 
not  cause  an  appreciable  drop.  In  most  circuits,  a  well-insulated 
coil  of  considerable  inductance  is  of  undoubted  service. 

From  consideration  of  Fig.  4  it  would  apparently  be  possible 
to  insulate  a  transformer  so  as  to  protect  it  against  the  probable 
surges  but  it  would  make  a  diflicult  and  expensive  design  at  best 
and  under  commercial  conditions  when  various  loops  are 
required  and  perliaps  also  series  and  parallel  operation  of 
coils  for  full  and  half  voltage  such  insulation  would  be  impracti- 
cable. 

The  kind  of  electrical  disturbances  which  has  been  assumed 
above  is,  of  course,  one  of  many  of  widely  varying  characteristics, 

*A  rough  rule  f •  ir  (l.t-rininin.^  the  inductance  of  a  choke-coil  without 
iron  is  to  multiply  tlu.'  squan-  (»f  the  number  of  turns  by  the  length  of  the 
mean  turn  in  inches  and  cli vide  the  i)roduct  by  10*.  This  gives  approxi- 
mately the  in.iuctance  in  henrys. 

Example:  A  certain  «Ml-insulated  choke-coil  had   186  turns    and    the 
"length  of  the  mean  turn  was  (Ki  inches. 

180-  X  00  X  10*  =  0.0228  henry. 
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but  it  is  the  writer's  opinion  that  it  represents  the  typical   de- 
structive high-power  surges  which  often  manifest  themselves. 

The  Lightning- Arrester. 

Returning  to  the  mechanical  analogy  and  Fig.  1,  it  may  be 
noted  that  the  lightning-arrester  is  of  the  nature  of  a  relief  valve, 
which  when  a  rise  of  pressure  occurs  at  the  point  at  which  it  is 
placed  should  permit  the  escape  of  a  sufficient  amount  of  the 
elastic  fluid  to  limit  the  rise  of  pressure. 

Considering  the  condition  previously  suggested,  of  a  stirge 
of  the  elastic  fluid  towards  the  piston  representing  the  trans- 
former, it  is  possible,  if  the  size  of  the  pipe  and  the  velocity  of 
the  moving  fluid  is  known,  to  determine  how  large  a  vent  will 
be  required  to  relieve  the  surge  of  the  fluid  as  fast  as  it  arrives 
without  permitting  any  reflection.  Now  supposing  similiar 
conditions  to  exist  in  an  electric  circuit,  can  any  tangible  result 
be  deduced?  It  has  been  shown  that  electric  impulses  or  waves 
travel  along  aerial  conductors  with  a  velocity  approximately 
equal  to  that  of  light  or  electromagnetic  waves  in  the  ether.* 
Also  the  charge  or  amount  of  electricity  per  unit  length  of  con- 
ductor is  proportional  to  the  electrostatic  capacity  of  the  conduc- 
tor, and  the  potential  to  which  it  has  been  raised,  in  the  same 
way  that  the  amount  of  fluid  in  the  illustrative  pipe  is  proportional 
to  the  volume  per  unit  length  and  the  pressure. 

Now  considering,  in  the  case  of  the  pipe,  that  the  initial 
condition  of  the  elastic  fluid  before  being  disturbed  was  that  of 
very  low  inherent  pressure,  the  wave  resulting  from  the  redis- 
tribution of  sudden  local  high  pressure  will  produce  a  mass 
velocity  or  velocity  of  the  particles  of  the  fluid  itself  very  nearly 
equal  to  that  of  its  velocity  as  a  wave.  On  the  other  hand,  if  the 
normal  pressure  is  such  that  the  disturbance  represents  only  a  small 

♦The  rate  of  travel  of  electric  waves  along  a  wire  is  not  a  fixed  value, 
but  depends  on  the  distributed  capacity,  the  resistance,  and  inductance 
of  the,  line.     This  rate  of  propagation  is  given  by  the  expression, 


'^^  (Bedell  and  Crehore) 


M    C\\/r'^^L^  u?  +  Hij\  Page  No.  199. 

which  gives  the  rate  of  propagation  in  miles  per  second,  if  C,  /?.  and 
L  are  given  in  farads,  ohms,  and  henry s  per  mile.  It  may  be  found 
from  this  expression  that  for  all  sizes  of  copper  down  to  No.  6,  which  is 
about  2  ohms  per  mile,  and  for  all  frequencies  down  to  150  cycles  per 
second,  the  rate  of  propagation  is  ncjt  reduced  more  than  10  per  cent, 
from  the  maximum. 
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per  cent,  change,  the  mass  velocity  of  the  fluid  composing  the 
wave  at  a  given  instant  will  be  small  compared  with  that  of  the 
wave  itself.  The  latter  condition  is  that  existing  in  the  case 
of  ordinary  sound  waves.  If,  however,  a  tremendous  explosion 
occurs,  the  wave  of  air  is  accompanied  by  a  large  mass  motion. 
The  action  in  the  former  case,  or  that  of  low  inherent  pressure, 
is  also  similar  to  that  which  will  occur  in  a  pipe  when  a  valve  is 
suddenly  opened  and  closed,  permitting  the  escape  of  an  elastic 
fluid  from  a  reservoir  into  the  empty  pipe.  If  this  fluid  is  heavy 
and  encoxmters  little  resistance,  it  will  impinge  on  the  closed  end 
of  the  pipe  and  rebound.     The  action  in  an  electric  conductor 
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under  a  severe  disturbance,  is  more  truly  represented  by  con- 
sidering the  noniial  pressur  very  low  compared  with  that  pro- 
duced by  the  disturbance.  This  would  at  least  be  true- if  the 
sudden  rise  should  occur  at  or  near  the  zero  of  the  electro- 
motive-force wave. 

The  above  illustrations  arc  simply  to  show  the  reasoning  which 
leads  to  tlie  following  deduction.  Assume  that  a  potential  wave 
of  irregular  contour  is  approaching  a  transformer  protected  by 
a  vent  or  lightning-arrester.  Assume  some  part  of  this  wave  to 
have  a  value  of  100,000  volts.  If  the  electrostatic  capacity  of 
the  conductor  to  ground  is  taken  as  0.0135  microfarad  per  mile, 
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which  is  approximately  correct  for  the  ordinary  transmission 
line,  there  will  be  a  charge  of  0.00135  coulombs  per  mile.  If 
this  charge  is  arriving  at  the  rate  of  186,000  miles  per  second  there 
are  251  coulombs  per  second  or  251  amperes  to  be  disposed  of. 
Dividing  100,000  by  250  gives  400,  which  if  true  resistance  would 
just  let  this  surge  escape  without  reflection  if  used  as  a  series 
resistance  to  the  vent  or  arrester.  If  the  potential  of  the  in- 
coming surge  is  higher  or  lower  [the  charge  per  mile  becomes 
correspondingly  higher  or  lower,  and  this  critical  value  of  resistance 
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would  remain  the  same.  If  there  were  some  kind  of  recording 
meter  capable  of  operating  under  such  conditions,  placed  where 
the  vent  is  connected,  it  would  leave  a  record  of  the  potential  of 
the  arriving  charge,  or  to  some  degree  the  contour  of  the  wave 
or  surge.  If  a  resistance  greater  than  the  critical  value  is  used 
there  will  be  a  partial  rise  and  reflection  and  a  partial  escape; 
but  if  the  resistance  is  of  less  value  the  surge  of  potential  striking 
the  transformer  windings  will  be  similar  to  the  contour  of  the 
incoming  wave  but  of  lower  value.     If,  in  the  extreme  case, 
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Fig  S.-();  oration  of  expulsion  fuse.  Voltage.  38,000  tc  giound. 
r.i]\icily  on  cirtuit,  7M)0  k\v.  Lcn.G:th  of  line,  23  miles.  Fuse  wire  of 
Xo.  30  copper.  U|)pcr  curve  of  oscillogram  shows  current;  lower  curve 
the  electromotive  force. 
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there  is  nc  resistance,  the  charge  vdW  escape  as  rapidly  as  it  arrives. 
In  the  case  of  the  pipe  and  elastic  fluid  of  the  analogy,  if  the 
vent  is  ton  large  the  inertia  of  the  moving  flmd  might  produce 
a  partial  vacuum  with  a  resulting  return  flow  or  oscillation. 
This  may,  of  course,  also  occur  with  the  electric  discharge  but 
it  is  possible  that  the  inevitable  resistance  of  the  ground  connec- 
tion will  limit  aii^,    such  eflfect. 

From  the  above  considerations  it  appears  that  the  series  re- 
sistance of  an  arrester  should  be  very  low  and  not  greater  than 
490  ohms  in  any  case,  if  the  arrester  is  properly  to  serve  its 
purpose.  The  reasoning  and  calculation  given  is  perhaps  a 
rough  way  of  reaching  the  result,  but  it  is  on  the  whole  not  far 
from  the  truth,  and  it  is  in  accord  with  the  writer's  experience. 
No  exact  formula  can,  of  course,  be  applied  absolutely  to  such 
irregular  phenomena,  but  if  the  general  assumptions  are  cor- 
rect the  result  forms  a  guide  sufficient  to  enable  us  to  recog- 
nize and  dispense  with  useless  devices. 

Having  disposed  of  the  scries  resistance  from  one  consideration 
it  is  found,  however,  that  no  arrester  with  a  reasonable  gap  will 
disrupt  its  dynamic  arc  if  the  circuit  is  carrying  power  f-om 
generators  of  large  capacity  unless  the  power  current  is  limited 
in  some  way. 

By  the  use  of  multigaps  of  non-arcing  metal  of  such  number 
that  a  rise  of  300  9c^vill  just  break  over,  and  then  by  adding  an  equal 
number  of  gaps  shunted  by  resistance,  an  arrester  may  be  made 
which  on  moderate  power  will  disrupt  its  arc  without  the  use  of 
scries  resistance;  but  if  the  gaps  are  limited  to  such  a  number  as 
to  break  over  with  a  potential  of  from  150  to  200%  of  normal 
and  there  is  no  limiting  resistance,  the  arrester  will  almost  invari- 
ably bum  up  before  many  discharges  have  passed  over  it. 

A  Comparison  of  Arc-Suppressing  Devices. 

The  two  devices  most  generally  used  for  disrupting  the  arc 
in  an  arrester  are  the  horn-type  gap  and  the  non-arcing  metal 
multigap.  On  circuits  where  the  power  is  so  limited  that  the 
short-circuit  current  is  not  more  than  50  amperes,  either  device 
should  work  without  scries  resistance.  Where  the  power  is  very 
large,  however,  as  on  the  usual  transmission  line,  the  non-arcing 
metal  is  superior  to  the  horn- type,  in  that  the  arc  is  easily  sup- 
pressed with  a  much  lower  resistance,  and  suppressed  more 
quickly. 

It  was  found  on  a  voltage  of  38,000  to  ground  from  a  three- 
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Fig.  9. — Operation  c(  expulsion  fuse.  Voltage,  38,000  to  ground. 
Cayrxity  on  circuit.  TT-OO  kw.  Lcncrtli  of  lino,  *J3  miles.  Fuse  wire  rl 
No.  21- c  <_'p>pM .  l'pp»i  curve  ot  oscillojjiam  shows  current;  lower  curve 
the  electromotive  iorcc. 
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phase  7500-kw.  plant  that  300  ohms  were  sufficient  with  the 
non-arcing  multigap  type,  while  1000  ohms  were  required  for 
the  proper  operation  of  the  horn- type.  This  shows  that  the  devices 
are  comparable  in  arc-suppressing  power,  but  that  one  is  much  more 
powerful  than  the  other,  and  in  operating  causes  less  disturbance 
to  the  circuit,  because  it  takes  so  much  less  time  to  do  its  work. 
On  the  other  hand,  the  horn  may  be  placed  out  of  doors,  if  neces- 
sary, while  the  multigap  should  be  under  cover. 

Multigap  devices  for  the  higher  voltages  are,  however,  subject 
to  some  peculiar  troubles  of  their  own.  In  regard  to  the  matter 
of  the  voltage  at  which  a  multigap  arrester  will  break  over,  an 
important  fact  has  been  demonstrated:  the  influence  of  the 
potential  surrounding  bodies  has  a  marked  effect  on  the  break- 
over voltage.  For  instance,  an  arrester  of  the  multigap  type 
that  would  break  over  at  75,000  volts  when  located  in  the  open 
or  away  from  walls  or  ground  wo\ild,  when  placed  near  the  ground 
is  mounted  between  cement  barriers,  spark  over  at  40,000  volts. 
The  ability  to  disrupt  the  arc  apparently  falls  in  about  the  sanle 
proportion.  This  phenomenon  is  the  result  of  unequal  distri- 
bution of  the  potential  stresses  over  the  various  gaps.  If  the 
potential  gradient  over  the  gaps  is  uniform,  the  maximum  break- 
down value  will  be  obtained.  The  influence  of  surrounding 
grounding  material  is  to  increase  the  steepness  of  the  gradient 
near  the  line  end  of  the  series  of  gaps  and  flatten  it  at  the  ground 
end.  A  metallic  shield  near  the  line  end  of  the  gaps  which  is 
connected  to  the  line  will  correct  this  gradient  and  bring  the 
breakdown  value  back  to  normal.  For  the  higher  voltages, 
multigap  arresters  should  be  protected  in  this  way,  if  mounted 
in  close  proximity  to  grounded  material. 

Another  peculiar  fact  has  been  noticed  regarding  resistances 
of  various  materials.  Tests  on  a  number  of  materials  have  been 
made  to  determine  their  suitability  for  use  with  lightning-arrest- 
ers. The  tests  consisted  principally  in  discharging  a  large  con- 
denser which  had  V:)cen  previously  charged  to  50,000  volts, 
through  the  resistance  and  measuring  the  potential  over  the  re- 
sistance by  means  of  a  spark  gap.  The  length  of  this  gap  is 
called  the  "equivalent  spark  gap."  It  is  a  rough  but  fairmethod 
of  determining  the  comparative  freedom  of  discharge  through 
resistances.  In  measuring  the  equivalent  spark  gap  of  true 
resistance,  it  is  found  that  paralleling  two  resistances  halv^  the 
equivalent  gap,  while  j;utting  tlicm  in  series  gives  an  equivalent 
gap  of  twice  that  of  a  single  resistance.     Electrolytic  and  metallic 
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resistances  usually  come  in  this  class,  while  carbon,  carborun- 
dum, and  graphite  have  an  entirely  different  characteristic  in  that 
the  equivalent  of  a  stick  or  bar  seems  to  be  a  function  of  its  length, 
and  several  bars  in  parallel  will  give  an  equivalent  gap  prac- 
tically the  same  as  single  bar.  It  has  been  suggested  that  such 
granular  material  acts  under  static  discharge  as  a  mass  of 
conducting  particles  partly  in  contact,  and  the  effect  is  that  of 
a  series  of  minute  gaps  in  the  resistance. 

The  Gap  and  Fuse  Arrester. 
Considering  the  effect  of  a  resistance  on  a  discharge  path 
according  to  the  mechanical  analogy,  it  appears  desirable  at 
times  to  provide  something  in  the  nature  of  an  abso- 
lute rehcf  vent.  A  gap  and  a  fuse  of  fine  wire  serve  this 
function   best,  but  the   fuse  should  be  of  either  the  enclosed 
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Fig.  10. — Current  and  voltage  on  12. 500- volt  unit  of  electrolytic 
light ning-arrestcT.      Volts.  9000:  amperes.  O.J. 

form  or  the  expulsion  type.  An  open  wire  fuse  will  almost  in- 
variably take  so  Ions;  to  suppress  its  arc  that  it  islikely  to  open 
the  cireuit-brcakers,  while  the  same  wire  enclosed  in  a  tube  will 
open  its  arc  in  one  or  two  alternations.  There  arc  shown  here- 
with photographs  and  oscilloji^^rams  of  fuses  blown  on  a  generator 
capacity  of  7500  kw.,  three-phase,  and  at  38.000  volts  from  one 
le.1,'  to  c:round.  It  may  be  seen  that  the  No.  30  copper  wire 
of)ened  at  the  end  of  one  alternation,  while  a  No.  22  copper 
wire  lasted  two  full  waves.  The  fuses  were  blown  at  the  end  ot 
2*^  ii.iles  of  line  but  no  serious  rises  of  potential  are  shown. 
Willi  the  larger  fuse,  the  first  voltage  wave  after  the  fuse  opened 
shows  a  rise  of  about  20','^.  ^'^i^'  cir-nut-breakers  were  not 
tri[)ped  at  any  time. 

Experience  shows    that    several    gaps    and    fuses    may    be 
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placed  in  parallel,  and  usually  only  one  fuse  will  blow  at  a  time. 
Prom  the  fact  that  so  little  secondary  disturbance  is  caused  on 
the  line,  such  fuses  appear  to  be  an  excellent  expedient  to  use 
where  the  lightning  disturbances  are  liable  to  be  too  severe  to 
be  relieved  by  a  self-restoring  arrester. 

The  Electrolytic  Arrester. 
As  may  be  seen,  what  is  really  needed  is  a  device  having 
the  characteristics  of  a  safety  valve,  that  is,  something  that 
will  hold  the  operating  pressure  at  all  times,  but  furnish  such  a 
free  vent  that  no  pressure  much  above  the  normal  can  be  main- 
tained, no  matter  how  suddenly  such  abnormal  pressure  may 


Pio.  11. — Current  and  voltage  on  12..500-volt  unit  of  electrolytic 
lightning-arrester.     Volts.  12,250;  amperes,  0.41. 


occur.     Such  a  device  has  been  found  in  the  aluminum   electro- 
lytic cell. 

In  certain  electrolytes,  aluminum  forms  a  non-conducting 
film  on  its  surface.  This  film  is  very  thin,  comparable  in  dimen- 
sions to  a  wave  length  of  light — but  in  a  suitable  electrolyte  will 
withstand  a  voltage  of  380  to  400.  Above  this  voltage,  the  film 
will  be  punctured  with  myriads  of  small  holes  letting  a  large 
current  through,  but  resealing  again  as  soon  as  the  pressure  is 
reduced.  The  equivalent  spark  gap  of  such  a  cell  is  a  function 
of  its  dimensions,  and  it  is  a  simple  matter  to  make  a  unit  for 
10,000  volts  which  will  have  an  equivalent  gap  representing 
12,500  volts.  If  a  gap  which  will  also  break  at  12,500  volts  be 
placed  in  series  with  the  cell  unit,  the  equivalent  gap  of  the  com- 
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bination  will  still  be  approximately  1 2,500  volts.  In  other  words, 
the  severest  discharge  from  a  condenser  representing  several 
miles  of  line  and  charged  to  50.000  volts,  will  pass  through  the 
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device  without  a  potential  of  more  than  12,500  volts  existing 
over  its  terminal. 

Apparently  this  cell  can  he  connected  in  series  -mth  a  suitable 
gap  between  eaqh  Hne  and  ground,  and  will  suppress  all  abnonnal 


1906.]  JACKSON:  UGHTNING  PROTECTION.  ^^^ 

rises  of  potential  at  that  point.  As  to  the  kind  of  gap,  a  non-arcing 
multigap  has  been  found  very  satisfactory  while  a  small  horn  gap 
seems  to  work  nearly  as  well.  The  power  current  taken  being 
less  than  one  ampere,  the  arc  rises  a  few  inches  on  the  horn  and 
goes  out  quietly.  At  this  time  no  statement  can  be  made  as 
to  which  form  will  prove  the  more  desirable. 

Fig.  12  shows  the  total  arc  formed  on  a  25,000-volt,  25-cycle 
circuit.  That  is,  the  exposure  has  continued  from  the  time  the 
arc  first  started  at  the  bottom  of  the  gap  until  it  broke  at 
the  top.  The  total  height  of  the  arc  travel  is  about  10  in., 
and  the  arc  broke  when  about  5  in.  long.  This  arrangement  has 
been  used  up  to  40,000  volts. 

The  oscillograms  shown  in  Figs.  10  and  11  represent  the  voltage 
and  current  characteristics  of  a  12,500 -volt  unit.  The  applied 
voltages  are  9000  and  12,250  respectively,  and  the  currents  are 
all  less  than  one  ampere.  The  smooth  curve  shows,  of  course,  the 
voltage,  and  the  irregular  one  the  current  which  is  about  70**  in 
advance  of  the  electromotive  force  and  is  largely  condenser 
current.  In  the  test  shown  in  Fig.  10  the  applied  pressure 
was  about  9000  volts  effective  which  was  such  a  value  that  the 
maximum  of  the  electromotive-force  wave  was  just  below  the 
breaking  through  point  of  the  cell.  The  small  humps  on  the 
upper  halves  of  the  current  waves  show  that,  in  fact,  there  was 
a  slight  breaking  through  at  the  point  of  maximum  electro- 
motive force.  Fig.  11  shows  how  this  breaking  down  or 
puncturing  of  the  film  has  been  increased  by  a  moderate  increase 
of  voltage — the  effective  applied  voltage  in  Fig.  11  is  12,250. 
The  current  taken  by  the  device  may  be  divided  into  two  parts 
and  called  for  convenience  "condenser**  and  "leakage**  currents. 

They  both  exist  at  all  times  when  an  alternating  electromotive 
force  is  applied,  and  one  is  wattless  while  the  other  represents 
.  power.  As  the  voltage  is  increased,  both  condenser  and  leakage 
current  are  increased,  but  during  the  period  while  the  electro- 
motive force  is  highest,  there  begins  to  be  increasingly  large 
leakage  current.  The  unsymmetrical  shape  of  current  wave 
which  appears  in  Figs.  10  and  11  is  due  to  the  fact  that  the 
aluminum  plates  are  in  tray  form  and  the  exposed  plate  area 
in  one  direction  is  less  than  that  in  the  other  and  the  solution 
in  contact  with  the  lesser  area  is  more  dilute  than  the  other.  As 
the  voltage  is  still  further  increased,  a  very  acute  peak  develops 
near  the  maximum  point  on  the  electromotive-force  wave.  A 
surge  or  electromotive   force  peak  from  any  other  soiu"ce  is  al- 
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lowed  to  pass  and  relieve  the  line,  exactly  as  in  the  case  of  a  safety 
valve,  while  the  power  current,  which  can  follow  is  insignificant. 

In  general  it  can  be  said  that  the  electrical  characteristics  of 
this  device  are  ideal  for  the  purpose,  but  there  were  many  mechan- 
ical difficulties  met  with  in  making  it  in  a  form  suitable  for 
commercial  use.  Nearlyall  the  difficulties  have  been  overcome, 
but  an  endeavor  is  being  made  to  test  out  all  possible  points  in 
service. 

It  is  to  be  hoped  that  the  long  looked  for  protection  against 
all  potential  rises  has  been  found.  It  is  needless  to  say  that 
no  effort  will  be  spared  to  make  it  fulfil  its  promises. 
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Discussion  on  "  Recent  Investigation  of   Lightning  Pro- 
tective Apparatus  "  at  New  York,  December  28,  1906. 

Ralph  D.  Mershon:  There  is  probably  no  other  natural 
force  amongst  those  with  which  modem  engineering  has  to  deal 
of  which  so  little  is  intimately  known  as  of  lightning.  In  most 
engineering  problems  it  is  possible  to  control  and  reproduce  at 
will  the  conditions  actually  existing  in  practice,  and  thus  study 
the  phenomena  resulting  therefrom;  or,  if  this  is  not  possible, 
there  is  a  natural  repetition  of  the  phenomena  of  sufficient 
regularity  so  that  they  can  be  studied  and  traced  back  to  the 
elements  on  which  they  depend.  With  lightning  this  is  not  so. 
The  conditions  existing  in  practice  cannot  be  controlled,  and 
the  elements  involved  are  so  enormous,  numerous,  and  variable 
that  it  is  impossible  to  reproduce  them.  The  natural  repetition 
of  phenomena  is  at  such  irregular  intervals,  and  the  phenomena, 
when  they  do  occur,  are  apparently  so  erratic,  due  to  the  number 
and  variability  of  the  elements  on  which  they  depend,  that  no 
satisfactory  searching  study  has  been  made  of  them. 

As  a  result,  we  have  no  intimate  knowledge  of  lightning  and 
the  conditions  governing  it  and  its  effects.  Theorizing  in  regard 
to  it  is,  in  the  lack  of  definite  experimental  data,  of  little  value. 
Theory  cannot  be  much  more  than  guessing,  and,  within  certain 
limits  of  probability,  one  guess  is  just  about  as  good  as  another. 
There  is  about  as  much  use  in  trying  to  forecast  the  weather 
for  a  certain  day  next  year  as  to  tell  what  lightning  will  do. 

In  view  of  the  above,  I  am  always  more  or  less  skeptical  of 
any  theories  advanced  in  regard  to  lightning  or  lightning  pro- 
tection; at  any  rate,  unless  actual  practice  has  shown  that  there 
may  be  some  foundation  for  the  theory.  Even  though  practice 
should  uphold  the  theory,  as  it  has  in  a  few  instances,  I  should 
be  skeptical,  for,  as  has  been  the  case  more  than  once,  the  next 
installation  may  upset  both  practice  and  theory. 

We  are,  I  think,  at  times  too  much  inclined  to  theorize  without 
a  sufficiency  of  data;  to  attempt  to  reason  from  a  few  facts 
pieced  out  with  such  fundamental  data  as  we  have  at  hand, 
instead  of  first  experimentally  obtaining  at  least  a  fair  amotmt, 
if  not  all,  the  information  possible,  directly  applicable  to  the 
subject  in  hand,  and  then  endeavoring  to  formulate  a  theory. 
The  paper  under  consideration  this  evening  is,  it  seems  to  me, 
somewhat  open  to  criticism  in  this  regard. 

By  means  of  the  data  of  Figs.  4  and  5  obtained  on, one  trans- 
former, having  a  certain  internal  electrostatic  capacity  and 
subjected  to  a  frequency  or  steepness  of  wave-front,  which  may 
or  may  not  approximate  that  in  the  case  of  lightning,  the 
endeavor  is  made  to  specify,  within  certain  Hmits,  the  inductance 
which  will  form  an  effective  protection.  I  think  that  if  it  were 
worth  while,  it  could  be  shown  that  with  other  transformers 
and  other  frequencies  of  discharge,  the  criteria  by  means  of 
which  the  writer  of  the  paper  has  fixed  the  limits  of  effective 
inductance  would  be  very  materially  modified.     In  my  opinion 
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the  author  would  have  done  much  better  to  have  turned  to  his 
.Figs.  6  and  7  and  said:  **  Here  are  curves  showing  what  in 
practice  we  can  stand  in  the  way  of  reactance.  Guided  by 
them,  let  us  use  all  the  reactance  permissible."  Even  then,  I 
should  not  be  inclined  to  agree  with  him  as  to  the  advisability 
of  choke-coils.  A  choke-coil  of  any  considerable  size  is  an 
awkward  and  an  expensive  thing.  It  is  expensive  not  only  in 
itself,  but  in  the  space  it  takes  up,  and,  besides,  it  usually  adds 
complication  to  the  station  wiring,  the  high-voltage  wiring 
which  it  is  especially  desirable  to  keep  simple. 

If  we  must  have  choke-coils,  let  us  put  them  in  the  same 
case  as  the  transformers,  and  so  save  the  complication  in  station 
wiring.  Better  still,  let  us  do  away  with  them  altogether,  and 
put  such  amount  of  insulation  as  may  be  necessary  on  the  end- 
turns  of  the  transformers,  such  amount  of  insulation  as  will  take 
care  of  a  considerable  strain  between  the  end-turns.  Then,  if 
we  use  a  low-resistance  arrester  or  its  equivalent,  we  shall,  I 
think,  have  ample  protection. 

As  between  a  high  inductance  choke-coil  in  connection  with 
a  high-resistance  arrester,  and  no  choke-coil  in  connection  with 
a  low-resistance  arrester,  I  much  prefer  the  latter.  And  it  is 
possible  to  have  the  low-resistance  arrester  equipment,  as  I  will 
show  later  on,  even  though  the  electrolytic  arrester  described 
by  the  author  should  not  prove  to  be  all  that  it  promises,  but 
which  I  hope  it  will  realize. 

I  have  known  of  many  cases  where  choke-coils  of  considerable 
reactance  in  connection  with  arresters  of  considerable  resistance 
have  failed  to  protect  under  severe  conditions,  but  I  have  never 
known  a  case  where  very  low-resistance  arresters  or  fused  arrester- 
gaps  have  failed  to  protect.  I  have  known  of  a  number  of 
cases  where  apparatus  has  been  damaged  not  only  in  spite  of 
the  choke-coils  installed  with  it,  but  apparently  because  of 
them,  due  to  disturbances  on  the  circuit  other  than  lightning, 
and  a  piling  up  of  potential  of  the  transformer  terminals, probably 
because  the  choke-coil  kept  the  transformer  from  freely  ridding 
itself  of  a  charge  set  free  in  its  windings.  Such  happenings  as 
this  would  seem  to  indicate  that  if  a  choke-coil  were  used,  an 
arrester  should  be  installed  on  each  side  of  it. 

Transformers  will  undoubtedly  be  more  expensive  with 
heavily  insulated  end-turns,  but  I  think  that  in  most  cases  the 
extra  expense  will  be  little,  if  any,  greater  than  that  of  the 
separate  choke-coils  and  the  space  they  take  up.  This  will 
certainly  be  the  case  for  such  extra  insulation  as  will  be  necessary 
with  a  low-resistance  arrester.  The  demand  for  a  number  of 
voltage  taps  need  not  interfere  with  the  end-turn  insulation,  if 
the  desired  variation  in  the  length  of  the  transformer  winding 
be  obtained  at  the  middle  of  the  winding;  that  is,  at  the  junction 
of  the  two  halves  of  the  winding  instead  of  at  the  ends.  Mul- 
tiple series  connections  of  high-voltage  windings  ought  not  to 
be  often  reqiiireri,  and  I  believe  that  as  time  goes  on  they  will 
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be  required  less  and  less;  but  even  where  they  are  required,  I 
believe  that  the  same  heavily  insulated  end-coils  might  be 
used  as  end-coils  for  both  series  and  multiple  connection,  and 
meet  most  of  the  requirements  in  practice. 

I  am  inclined  to  doubt  the  correctness  of  the  opinion  that  the 
author  seems  to  hold  relatively  to  the  resistance  of  lightning- 
arresters.  I  have  reason  to  believe  that  under  some  conditions 
even  a  high-resistance  arrester  will  be  of  benefit;  and  I  do  not 
think  the  author  himself  is  prepared  to  state  that  the  high- 
resistance  arresters  now  installed  afford  no  measure  of  protection. 
I  do,  however,  agree  that  a  low-resistance  arrester  is  desirable 
at  all  times,  and  absolutely  necessary  for  proper  protection 
under  some  conditions. 

It  is  possible  to  have  a  system  of  lightning  protection  which 
will  automatically  adjust  the  resistance  of  the  path  to  groimd 
to  that  value  necessary  to  take  care  of  the  discharge.  Suppose 
we  assume  that  the  magical  400  ohms  worked  out  by  the  author 
is  the  resistance  which  must  not  be  exceeded  under  extreme 
conditions.  Suppose  that  with  a  given  voltage  and  generating 
capacity,  a  horn,  or  other  suitable  arrester,  will  operate  satis- 
factorily, if  it  has,  say,  2000  ohms  in  series  with  it.  Suppose 
we  have  five  such  arresters  connected  to  each  line  wire,  each 
arrester  having  2000  ohms  in  series  with  it.  Set  one  of  the 
arresters  on  each  wire  for  low -striking  electromotive  force; 
another  arrester  on  each  wire  for  a  higher  striking  electro- 
motive force;  another  for  a  higher,  and  so  on  to  the  fifth  arrester, 
set  for  the  highest  striking  electromotive  force  which  the  appar- 
atus to  be  protected  can,  for  a  short  period  of  time,  safely 
withstand.  Now  suppose  there  is  a  rise  of  voltage  on  the  line 
under  such  conditions  that  one  2000-ohm  path  to  earth  will 
properly  discharge  it.  The  lowest  gap  will  flash  over,  and  dis- 
charge take  place  through  the  2000  ohms  in  series  with  it,  this 
discharge  keeping  the  electromotive  force  of  the  disturbance 
down  below  that  necessary  to  strike  across  the  next  higher  gap. 
If  a  disturbance  occurs  requiring  a  1000-ohm  path,  the  lowest 
gap  will  strike,  also  the  next  lowest,  giving  two  2000-ohm  paths 
in  multiple  for  the  discharge.  Similarly,  with  other  disturbances 
more  severe,  more  and  more  of  the  gaps  will  flash  over  until,  in 
the  extreme  case,  all  five  gaps  will  be  active  and  the  resistance 
of  the  combined  path  to  earth  will  be  400  ohms — that  specified 
by  the  author.  If  desirable,  there  might  be  one  or  more  gaps 
having  fuses  in  series  with  them,  so  that  when  they  acted,  the 
discharge  would  have  a  path  to  earth  of  practically  zero  resis- 
tance. 

The  above  scheme  of  lightning  protection  might  be  carried 
out  to  any  extent,  and  any  desired  number  of  gaps  be  used,  the 
result  being  that  under  any  given  condition  the  path  to  earth 
would  have  a  resistance  as  low  as  necessary  to  take  care  of  the 
disturbance  upon  the  line  and  that  the  disturbance  to  the 
transmission  system,  due  to  the  dynamic  current  which  would 
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follow  the  lightning  discharge,  would  be  proportionate  to  the 
necessities  of  the  case.  In  an  extreme  case  the  disturbance  to 
the  system  due  to  the  dynamic  current  over  all  the  gaps  might 
be  such  as  to  cause  a  shutdown,  but  the  apparatus  would  be 
protected.  A  shutdown  without  any  damage  to  the  apparatus 
is  preferable  to  a  shutdown  resulting  in  apparatus  which  has 
to  be  patched  up;  fortimately,  such  extreme  disturbances  are 
rare. 

Such  a  system  of  protection  as  that  described  would  apply- 
not  only  to  disturbances  requiring  a  path  to  earth,  but  also  to 
discharges  passing  from  a  conductor  to  conductor.  It  is  to  be 
noted  that  in  such  a  system  the  operation  of  successive  gaps 
not  only  reduces  the  resistance,  but  also  the  inductance  of  the 
path. 

I  have  for  some  time  past  made  use  of  the  scheme  of  lightning 
protection  outlined  above,  except  that  only  three  sets  of  gaps 
are  used  on  each  line  wire,  and  the  highest  gap  has  a  fuse  in 
series  with  it.  My  experience  so  far,  extending  over  one  light- 
ning season,  has  been  very  satisfactory.  A  previous  experience, 
extending  over  several  seasons  and  with  a  system  of  protection 
similar  to,  but  much  less  elaborate  than  that  with  the  three  gaps 
just  described,  was  also  satisfactory.  I  have  come  to  believe 
that  such  a  system  is  about  as  near  to  being  an  absolute  protec- 
tion for  station  apparatus  as  could  be  expected.  This  assumes, 
however,  that  the  apparatus  has  that  margin  in  insulation 
strength  which  good  apparatus  should  have,  enabling  it  for  a 
short  period  of  time  to  withstand  considerably  more  than  its 
normal  voltage. 

The  electrolytic  arrester  described  by  the  author  is  a  ver\' 
interesting  and  promising  piece  of  apparatus.  I  have  seen  it 
in  experimental  operation,  and,  so  far  as  experiments  go,  it 
seems  as  if  it  might  be  effective.  It  remains,  however,  to  be 
seen  how  it  will  behave  in  practice;  what  difficulties  may  arise 
due  to  the  evaporation  or  freezing  of  the  electrolyte,  or  to  the 
sudden  formation  of  vapor,  in  the  case  of  a  lightning  discharge 
of  extreme  severity.  Any  or  all  of  these  troubles  may  be  met 
with,  but  no  doubt  they  can  be  overcome,  the  latter  possibly 
by  using  a  number  of  these  arresters  in  multiple,  either  in  series 
with  gaps  of  the  same  size  or  set  for  different  striking  electro- 
motive forces.  It  looks  as  if  we  may  at  last  have  the  ideal 
lightning-arrester  and  I  sincerely  hope  that  this  is  the  case. 

In  my  opinion  a  very  desirable  requirement  of  a  lightning- 
arrester  is  that  it  should  be  capable  of  being  installed  outdoors. 
I  believe  that  as  time  goes  on  more  and  more  high-voltage 
apparatus  will  be  installed  outdoors,  instead  of  in  a  building. 
I  think  the  time  will  come  when  not  only  lightning-arresters, 
but  bus-bars,  transfonners,  and  even  automatic  circuit-breakers, 
where  such  are  used,  will  regularly  be  installed  outdoors. 
It  seems  rather  illogical,  and,  from  some  standpoints,  almost 
ridiculous,   to  instal  high-tension  V)us-bars  in  a  building  's\*ith 
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barriers  and  all  sorts  of  other  complications,  when  the  lines 
led  off  the  bus-bars  go  immediately  out  of  doors,  unprotected, 
and  often  installed  upon  very  questionable  line  structures. 

I  understood  Mr.  Jackson  to  say  that  in  obtaining  Fig.  4, 
the  middle  point  of  the  transformer  was  grounded,  so  that  tfie 
discharge  went  through  half  of  the  transformer  winding  only. 
I  would  like  to  ask  if  he  took  any  observations  similar  to  those 
of  Fig.  4  on  the  other  half  of  the  transformer  winding?  It 
would  be  interesting  to  know  what  voltages  could  be  obtained 
on  the  other  half  of  the  winding?  It  would  have  considerable 
bearing  on  his  statement  indicating  that  the  iron  renders  in- 
effective the  space  occupied  by  it,  so  far  as  the  inductance  of 
the  coil  is  concerned. 

Chas.  P.  Steinmetz:  This  paper  deals  again  with  those  four 
elements  which,  since  the  earliest  days  of  electrical  engineering 
have  constituted  the  parts  of  lightning  protective  apparatus; 
namely,  the  resistance,  the  inductance,  the  spark-gap,  and  the 
circuit-opening  devices. 

In  regard  to  the  reactance  or  choke-coil,  I  also  fully  believe 
in  the  effectiveness  of  the  reactive-coil.  It  is  obvious  that  the 
reactive-coil  cannot  be  considered  as  a  protection  against  all  of 
the  manifold  manifestations  of  atmospheric  electricity  or 
internal  surges;  anybody  can  see  that  against  a  slow  accumu- 
lation of  electrostatic  charge  on  the  system  by  induction  from 
the  clouds,  etc.,  whereby  the  total  system  rises  as  a  whole  in 
potential  above  ground,  a  reactive-coil  cannot  protect;  also, 
it  cannot  protect  appreciably  against  a  very  low-frequency 
surge  where  the  oscillation  is  of  enormous  magnitude  and  of  a 
frequency  not  much  above  the  normal  line  frequency.  Then 
any  amount  of  reactance  which  it  is  permissible  to  put  in  circuit, 
will  not  offer  a  sufficient  protection.  Hence,  the  reactive-coil 
is  not  a  universal  protective.  However,  it  can  be  shown  exper- 
imentally that  at  least  against  high-frequency  oscillations, 
against  travelling  waves  of  steep  wave-front,  the  reactive-coil 
offers  a  very  marked  and  satisfactory  protection. 

I  cannot  agree,  however,  with  the  paper  regarding  the  numer- 
ical values  of  the  minimum  effective  reactance.  I  believe  the 
numerical  values  given  are  not  correct  general  conclusions, 
but  merely  incidental  to  the  particular  conditions  of  the  exper- 
iment from  which  they  were  derived.  The  spark-gap  was 
connected  across  the  200  end-turns  of  the  transformer,  and  it 
was  found  that  the  electrostatic  stress  across  these  200  turns  of 
the  transformer,  without  reactive-coil,  or  with  very  small 
reactive-coil,  had  an  equivalent  spark-gap  of  one  inch;  that  is, 
about  20,000  volts.  The  spark-gap  was  reduced  to  one-half  by 
an  inductance  of  about  7  millihenrys.  If  the  writer  of  the  paper 
had  connected  the  spark-gap,  not  across  200,  but  across  20  end- 
turns  only,  he  would  have  obtained  a  curve  similar  to  that  given 
in  Fig.  5,  but  with  an  entirely  different  set  of  abscissas,  and 
would  have  foimd  as  minimum  effective  inductance  sufficient 
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to  reduce  the  spark-gap  to  one  half,  about  one-tenth  of  the 
value  given  in  the  paper.  If  he  had  connected  the  spark-gap 
across  the  two  end-tums,  probably  the  minimum  effective 
reactance  would  not  have  been  7  millihenrys,  but  something  like 
0.07,  or  about  one  hundredth  part  of  the  value  recom- 
mended, so  tLat  the  effective  reactance  depends  on  the  number 
of  turns  across  which  the  electrostatic  stress  is  observed.  The 
error  made  by  the  writer  is  one  of  those  into  which  I  believe  all  of 
us  who  have  done  experimental  investigating  and  drawn  con- 
clusions from  it  have  fallen  at  one  time  or  another;  that  is,  to 
draw  general  conclusions,  especially  regarding  the  magnitude 
of  a  phenomenon,  and  then  aften^^ard  find  that  these  conclusions 
are  not  general,  but  special  results  of  the  particular  conditions 
under  which  we  experimented. 

Let  us  see  what  happens  if  a  voltage  is  suddenly  impressed 
upon  a  transformer,  as  here  the  voltage  of  the  Leyden  jarorthe 
condenser,  of  about  50,000  volts,  or  by  an  atmospheric  oscillation 
or  travelling  wave,  etc.,  or  the  line  voltage  when  connecting  a 
transformer  into  the  circuit.  Before  closing  the  circuit  the 
transformer  windings  are  at  zero  potential ;  in  the  moment  of 
closing  the  circuit  25,000  volts  are  put  on  one  terminal;  that  is, 
on  the  beginning  of  the  end-turn,  but  the  ends  of  this  turn  and 
the  second  turn  are  still  at  zero  potential;  and  so  at  this  instart 
the  full  potential  of  25,000  volts  exists  across  a  single  end-tura. 
An  instant — a  fifty -millionth  of  a  second  or  so  later — the  current 
has  passed  along  the  first  end-turn,  and  voltage  exists  at  the 
beginning  of  the  second  turn,  while  the  third  turn  is  still  at  zero 
potential.  In  this  instant  the  full  potential  of  25,000  volts  is 
across  two  end-tums;  that  is,  each  gets  about  half  of  the  voltage. 
Again,  in  another  fifty-millionth  of  a  second,  the  potential 
distributes  across  three  turns,  then  across  four  turns,  five  turns, 
etc.  You  see  the  maximum  potential  difference  which  can 
exist  without  any  reactive-coil  across  the  first  turn  is  the  full 
voltage  of  25,000  volts.  The  maximum  potential  difference 
across  the  second  turn  is  half,  half  being  across  one  turn  and 
half  across  the  other;  across  the  tenth  turn  it  is  one-tenth,  and 
across  the  200th    turn   it  is  2^7  of    the    full   voltage. 

Suppose  we  take  out  the  first  nine  turns  and  put  them  outside  the 
transformer  as  a  reactive-coil.  The  first  transformer  turn,  then, 
is  what  was  before  the  tenth  turn ;  and  at  the  same  discharge,  the 
same  impressed  voltage,  the  maximum  potential  at  the  first 
transfomier  turn  is  the  maximum  potential  which  was  formerly  got 
at  the  tenth  turn  ;  that  is,  it  is  one-tenth  of  the  impressed  voltage. 
That  is,  by  putting  nine  transformer  turns  outside  of  the  trans- 
former and  in  scries  therewith,  as  a  reactive-coil  equal  to  only 
nine  transformer  turns,  very  much  less  than  the  minimum 
referred  to  by  the  speaker,  the  maximum  electrostatic  stress 
which  can  exist  anywhere  in  the  transformer  is  reduced  to  one- 
tenth  of  the  previous  value.  But  the  maximum  electrostatic 
stress  across  the  200th  turn  is  reduced  only  from  j\^  down  to 
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j^^  of  the  full  voltage,  because  it  is  now  the  209th  turn,  and 
the  sum  of  all  the  electrostatic  stresses  across  the  first  200  turns 
is  not  appreciably  reduced  at  all.  Hence  if  we  use  a  reactive- 
coil  eqxiivalent  to  nine  transformer  turns,  and  measure  the 
electrostatic  stress  across  the  first  200  turns,  we  find  no  appre- 
ciable effect,  while  actually  we  have  reduced  the  maximum 
electrostatic  stress  on  the  most  exposed  part  of  the  winding,  the 
first  transformer  turn,  to  one- tenth  of  the  previous  value;  that 
is,  we  have  secured  a  very  high  protection. 

After  all,  if  a  transformer  breaks  down  internally  by  a  sudden 
discharge,  it  is  not  the  200th  turn  which  breaks  down,  or  the 
100th  turn ;  it  is  one  of  the  very  first  turns,  where  the  electro- 
static stress  is  the  maximum,  and  where,  therefore,  there  is  a 
maximum  potential  difference  many  times  greater  than  given 
by  the  data  in  the  paper,  which  data  give,  not  the  maximum 
stress  anywhere  in  the  transformer,  but  the  value  integrated 
over  a  very  large  part  of  the  transformer;  that  is,  an  average 
which  bears  no  direct  relation  to  the  maximum,  against  which 
we  have  to  guard. 

I  do  not  need  to  go  into  this  matter  further  because  this 
phenomenon  of  distribution  of  potential  in  the  transformer 
windings  at  a  sudden  application  of  voltage  has  been  very  fully 
discussed,  in  the  classical  paper  read  before  the  American  Insti- 
tute of  Electrical  Engineers  four  years  ago  by  Mr.  Percy  H. 
Thomas.*     There  this  phenomenon  is  very  fully  explained. 

I  think  it  fortunate  that  such  high  reactance  is  not  necessary, 
but  that  a  very  great  reduction  of  the  maximum  electrostatic 
stress  results  from  very  moderate  reactance ;  that  is,  by  a  reactive- 
'  coil  which  does  not  occupy  as  much  space  as  the  whole  transformer. 
Obviously,  the  more  reactance  is  put  in  the  circuit,  the  more 
the  stress  on  the  transformer  is  reduced,  but  very  soon  it  be- 
comes a  question  whether  it  is  more  economical  to  bxiild  a  larger 
reactive-coil,  or  to  increase  the  insulation  of  the  transformer  end- 
turns.  To  insulate  between  the  end-turns  against  full  voltage 
is  difficult,  and  an  additional  reactance  is  therefore  deeirable; 
but  as  we  have  seen,  a  reactive-coil  of  very  few  turns  only,  already 
reduces  the  maximum  stress  at  the  end-turns  to  a  very  few  per 
cent,  of  the  maximum  possible  stress,  and  so  to  a  value  against 
which  sufficient  insulation  of  the  end-turns  can  easily  be  pro- 
vided for,  without  appreciable  increase  of  size  and  cost  of  the 
transformer.  A  moderate  size  reactive  coil  and  additional  m- 
sulation  of  the  transformer  end-turns  is  preferable,  because  it 
does  not  make  it  necessary  to  have  such  a  very  large  react- 
ance, which  spoils  the  regulation  of  the  system  by  two  per  cent, 
or  becomes  impracticable  altogether  on  a  large-current  low- 
voltage  system. 

This  feature  is  also  important  in  considering  the  question 
whether  the  reactive-coil  is  a  reactive -coil  at  all.  It  might  also 
be  stated  as  a  conundrum  for    high-frequency    phenomena: 

*  TRANSACTIONS  of  A.I.E.E.,  1902,  Vol.  XIX,  p.  213. 
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when  is  a  reactive-coil  not  a  reactive-coil?  In  speaking  of 
reactive-coils  as  guarding  against  high-frequency  oscillation^  we 
always  assume  that  such  a  coil  contains  inductance  and  a  very 
small  resistance;  but  we  usually  forget  that  it  also  contains 
distributed  capacity,  that  there  is  a  capacity  from  turn  to  turn 
which  may  be  relatively  small  where  circular  conductors  are 
used.     There  is,  too,  a  considerable  distance  between  turns ;  this 


Fig.  1. 

becomes  very  much  larger  where  flat  conductors  wound  in  a  flat 
coil  are  used,  very  much  larger  where  we  submerge  the  reactive- 
coil  in  oil,  due  to  the  higher  specific  inductive  capacity  of  the  oil. 
the  specific  capacity  of  the  oil  bein^'  two  or  more  times  that  of  air, 
and  due  to  the  shorter  distance  between  the  turns,  permitted 
by  the  higher  disruptive  strength  of  the  oil.  At  such  very 
high  frequencies  as  are  produced  by  spitting  from  the  line,  by 
brush  and  spark  discharges,  by  an  arcing  groimd  on  one  side  of 
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an  isolated  three-phase  system,  and  many  other  such  phenomena, 
the  electrostatic  capacity  of  the  reactive-coil  begins  to  be  ap- 
preciable. 

What  happens  I  can  sketch  only  roughly.  Let  the  reactive-coil 
be  shown  diagramatically  in  Fig.  1,  as  a  spiral,  with  the  turns 
inside  of  each  other.  If  a  discharge  enters  at  the  lead  A,  if  the 
frequency  is  high  enough  the  current  does  not  go  around  the 
complete  spiral,  but  the  current  passes  from  one  conductor  to 
the  next  conductor  through  the  capacity  between  the  turns  as  a 
condenser.  The  current,  starting  at  full  value  ati4,  gradually 
tapers  down  in  the  first  turn,  to  nothing  at  B,  within  a  limited 
distance;  in  the  second  spiral,  the  current  is  zero  at  A  and 
gradually  rises  to  a  maximum  at  B.  In  the  same  way  the  current 
passes  from  the  second  to  the  third  turn,  etc.  The  current  thus 
transfers  across  from  turn  to  turn  by  the  electrostatic  capacity 
between  the  turns,  gradually  rising  in  each  turn,  by  transfer 
from  the  preceding  turn,  and  fading  out  again  by  transfer  to 
the  next  turn.  Thus  the  current  flows  a  short  distance  only 
in  each  turn,  but  does  not  go  aroimd  if  the  frequency  is  high 
enough. 

Assume  that: 

L     =  inductance  per  unit  length  of  conductor, 

C     =  capacity  per  unit  length  of  conductor, 

A''  =  frequency  of  the  oscillating  current,  or  frequency  rep- 
resenting the  steepness  of  the  travelling  wave. 

s  =  length  from  condenser  center  to  condenser  center,  then 
C  s  =  capacity  of  each  of  these  condensers  formed  by  successive 
turns. 

L  s  =  inductance  of  the  short  path  of  the  current  from  con- 
denser-center to  condenser-center. 

The  current  has  an  infinite  number  of  paths,  a,  6,  c,  etc. 

There  is  one  path,  on  which  the  capacity  reactance:  k  =      v7^~ 

equals  the  inductive  reactance:   x  =  4:NLs  and  the  total  im- 
pedance thus  is  a  minimum,  equal  only  to  the  ohmic  resistance; 
that  is,  this  path  is  non-inductive,  and  the  current  flows  across 
the  reactive-coil  on  this  path. 
In  this  case: 

k  =  X 
it  follows: 

1 
s  = 


or: 


1 


That  is,  if: 
L  is  the  inductance,  C  the  capacity  per  unit  length  of  the  con- 
ductor, if  the  frequency  of  discharge  is  high  enough,  the  current 
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does  not  follow  the  turns  of  the  reactive -coil,  but  passes  in  a 
spiral,  non-inductive  path  across  the  coil,  and  the  reactive-coil 
is  not  a  reactive-coil.  The  frequency  where  s  equals  the  length 
of  one  turn,  gives  the  limiting  frequency  at  which  this  phenome- 
non is  completed,  at  which  the  last  inductance  has  disappeared. 
This  limiting  frequency  is  very  high,  somewhere  in  the  range 
between  10,000,000  and  100,000,000  cycles,  but  it  is  a  frequency 
which  does  occur  in  discharges  from  a  line,  not  a  discharge 
which  comes  from  a  long  distance,  but  a  frequency  which  occurs 
where  a  steep  wave  approaches  a  station,  and  then  meeting  any 
obstruction  spits  over  to  other  conductors  near  by,  or  into  space. 
This  phenomenon  has  to  be  considered  when  dealing  with 
reactive-coils  at  very  high  frequency,  and  may  be  one  of  the 
causes  why  reactive-coils  occasionally  do  not  protect,  but  let 
extremely  high  frequency  pass,  just  as  well  as  low  frequency, 
and  act  only  in  the  case  of  intermediate  frequencies. 

The  phenomena  resulting  from  distributed  capacity  in  the 
reactive-coil  at  extremely  high  frequency  are  obviously  more 
complex  than  those  illustrated  above.  For  instance,  during  the 
decrease  of  current  by  transfer  to  the  next  turn,  across  the 
intervening  capacity,  a  transfer  back  to  the  preceding  turn 
takes  place  also,  and  so  a  second  parallel  path  of  current,  of 
lesser  intensity,  appears  ahead  of  the  main  path  a,  as  shown  by 
b  in  Fig.  2,  a  third  path  at  b\  etc.,  and  in  similar  manner,  back 
of  the  main  path,  secondary  paths  c,  c',  c"  etc., appear.  These 
secondary  paths,  overlapping  at  the  opposite  side  of  the  coil, 
result  in  various  interference  phenomena.  Thus  if  all  the 
turns  of  the  coil  are  of  the  same  effective  length,  at  those  fre- 
quencies at  which  the  length  of  tuni  is  a  multiple  of  5,  resonance 
effects  intensify  these  standing  waves ;  while  at  an  intermediate 
frequency  the  standing  waves  passing  around  the  coil  in  opposite 
direction,  meet  in  opposition  and  thus  neutralize.  Again,  with 
a  coil  in  which  the  diameter  of  the  turns  tapers,  resonance  ap- 
pears in  some,  opposition  in  other  turns,  and  radially  distrib- 
uted nodes  appear  at  all  frequencies,  shifting  with  a  change  ot 
frequency 

Coming  to  the  next  clement  of  the  lightning-arrester,  the 
series  resistance,  I  fully  agree  with  the  sentiment — which  can  be 
read  between  the  lines  of  the  paper — that  the  best  series  resistance 
is  the  one  of  lowest  value,  and  the  lowest  value  is  zero.  There 
are,  however,  two  points  of  view;  one  point  is  that  of  the  de- 
signer of  the  lightning-arrester,  and  the  other  that  of  the  operator 
of  the  transmission  system.  For  the  protection  and  safety  of  the 
lightning-arrester,  the  higher  the  series  resistance  the  better; 
and  it  is  extremely  difficult  to  produce  a  lightning-arrester 
without  series  resistance,  which  is  really  safe  against  self- 
destruction.  But  from  the  point  of  view  of  effective  protection 
of  the  system,  any  series  resistance  is  objectionable.  Here  also 
the  writer  of  the  paper  has  calculated  numerical  value  for  one 
particular  condition,  and  concluded  therefrom  that  400  ohms 
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series  resistance  is  permissible.  This  conclusion  is  justified  only 
for  the  particular  condition  where  an  electrostatic  charge  of 
100,000  volts  appears  somewhere  on  the  line  and  approaches 
the  station  along  the  line.  There  may  be  other  disturbances 
in  which  this  series  resistance  is  not  permissible.  It  may  happen 
that  in  a  station  a  short  circuit  takes  place,  and  instantly 
ruptures.  For  instance,  by  some  overload  the  circuit  opens, 
but  the  switches  fail,  as  should  not  happen,  but  still  occasionally 


Fig.  2. 


happens;  that  is,  the  switches  bum  up  by  a  flaring  arc  and  the 
short-circuiting  arc  ruptures  itself  spontaneously,  explosively, 
as  such  arcs  occasionally  do  at  the  maximum  of  the  current 
wave.  That  means  a  rupture  of  the  short-circuit  current. 
That  current  cannot  instantly  cease  in  the  system,  but  con- 
tinues to  flow,  and  not  havmg  a  path  merely  backs  up  as  voltage. 
It  is  obvious  that  in  any  large  system  the  voltage  produced  by  the 
instantaneous  rupture  of  the  maximum  short-current  circuit  can- 
not be  appreciably  relieved  by  the  discharge  over  a  400  ohms  resis- 


912 


UGHTNING  PROTECTIVE  APPARATUS  [Dec.  28 


tance.  A  circuit  with  400  ohms  resistance  will  not  reduce  the 
destruction  to  any  appreciable  extent.  For  instance,  at  the 
Milwaukee  convention  last  May.  Mr.  Osgood  of  the  New  Milford 
Power  Company  reported  on  the  low-frequency  surge  in  his 
system  produced  by  some  person  who  threw  an  umbrella  handle 
into  the  transmission  line  at  33,000  volts.  Or  in  cases  like  that  of 
a  metropolitan  system,  where  a  short-circuit  oscillation  or 
surge  occurred  with  a  current  sufficiently  large  to  bend  heavy 
copper  bars,  and  at  a  voltage  jumping  across  seven  inches  of 
air.  No  protective  device  with  400  ohms  series  resistance 
would  have  any  appreciable  effect  in  relievmg  such  a  surge.     In 


i 

O 
O 

o 
o 


I 

o 
o 
o 
o 

Q 


z 

o 
o 
o 
o 
o 
o 
o 


I 

o 
o 
o 
o 
o 
o 
o 
o 


t£u9^M 


6 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 


Ut^9mm9%o/ 


Fig.  3. 


the  rase  of  400  ohms  series  resistance,  or  any  scries  resistance, 
there  always  comes  a  jxnnt  where  the  ma^itude  of  the  surge 
is  such  that  the  series  resistance  becomes  fatal. 

In  reqard  to  tlie  electrolytic  arrester,  I  may  say  that  it  is  a 
very  interest  in  *:(  apparatus.  I  know"  that  Professor  Creighton 
has  been  workini^:  on  tliis  type  of  lightning-arrester  for  several 
years,  and  I  believe  some  such  arresters  have  been  out  in  com- 
mercial service  on  high-potential  lines  for  a  year  or  two. 
I  expect  we  shall  hear  something  ot  the  performance  of  these 
arresters  either  to-niu^ht,  or  at  the  meeting  of  the  Institute  for 
w^hich  Piotessor  Crei^hton  promises  a  paper 

In  regard  to  Mr.  Mershon  s  proposition    I  approve  of  his  type 
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of  lightning-arrester,  a  number  of  spark-gaps  set  for  different 
voltages,  with  different  series  resistance,  a  low-voltage  spark 
gap  with  .a  very  high  resistance,  and  then  a  Uttle  higher 
voltage  spark-gap  with  somewhat  lower  resistance,  etc.,  so 
giving  the  current  the  choice  either  to  jump  only  the  last  spark- 
gap  with  high  resistance  limit,  or  the  next  one  with  lower 
resistance,  or  the  next,  etc.  We  know  that  a  number  of  small 
gaps  in  series  are  more  effective  than  one  large  gap  in  opening 
the  circuit,  so  that  several  gaps  in  series  are  preferable.  Suppose 
the  first  path  contains  100,000  ohms,  with  a  certain  number  of 


a 
o 
o 

o-^ 
o 

o — 

o 

o — 

o — 
o 
o 
o 
o — 


oZcJn^ 


jm 


<L?4****tpf 


Fig.  4. 


spark-gaps;  the  next  arrester  contains  1,000  ohms,  with  a  few 
more  gaps;  the  next  one  is  100  ohms,  and  still  a  few  more  gaps 
so  as  to  require  a  higher  voltage ;  then  the  next  one  is  10  ohms 
and  still  a  few  more  gaps.  If  the  designer  of  the  lightning- 
arrester  has  sufficient  confidence,  the  last  path  may  contain 
still  more  gaps,  and  no  resistance,  as  sketched  in  Fig.  3,  dia- 
gramatically.  There  seems  to  me  no  reason  why  instead  of 
separate  spark-gaps  for  each  path,  the  same  spark- terminals 
could  not  be  used  for  all,  and  the  protective  device  built  as 
sketched  in  Fig.  4.  Even  the  same  resistances  may  partly  be 
used.       Possibly  we  might  go  still  lurther  and  connect  on  to 
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the  next  or  to  the  ground  line  with  a  nigfi  resistance,  so  that 
a  gradual  accumulation  of  voltage  can  discharge  steadily ;  this 
results  in  a  very  satisfactory  arrangement  for  the  discharge  of 
lightning,  because  it  would  select  the  resistance  according  to 
the  severity  of  the  discharge  and  always  use  the  least  number 
of  air-gaps  and  the  highest  resistance  permissible  by  reason  of 
the  character  of  the  discharge. 

Percy  H.  Thomas:  Somehow  or  other  we  do  not  seem  to 
lose  our  interest  in  lightning-arresters,  and  I  hope  Mr.  Mershon 
will  not  take  away  all  of  our  discussion  of  theory,  because  if  he 
does  I  do  not  know  what  we  shall  talk  about. 

I  think  a  little  more  explanation  of  the  method  by  which  a 
series  choke-coil  protects  the  transformer  winding  is  worth 
while.  The  point  I  want  to  bring  out  is  that  the  concentration 
of  potential  on  the  outer  turns  results  from  the  electrostatic 
capacity  within  the  winding  of  the  transformer.  Suppose  we 
have  a  transformer  winding  connected  to  earth  on  one  side, 
and  a  static  disturbance  comes  from  the  line;  assuming  that 
there  is  no  capacity  between  the  turns  or  to  the  groimd  in  that 
winding,  we  will  not  get  an  uneven  distribution  of  potential, 
severe  at  the  line  terminal  and  light  at  the  other  end,  but  a 
perfectly  uniform  distribution  of  potential  throughout  the 
winding,  the  same  number  of  volts  for  each  turn.  Suppose  we 
put  a  choke-coil  between  line  and  groimd,  and  suppose  the 
same  disturbance  to  come  from  the  line ;  as  before  we  will  get 
no  concentration  of  potential,  simply  a  distribution  through 
the  total  winding  of  the  transformer  and  the  series  coil;  and 
each  unit  of  induction  will  have  the  same  voltage  impressed 
upon  it.  Suppose,  on  the  other  hand,  we  have  the  actual  case 
occuring  in  practice ;  that  is,  a  winding  with  electrostatic  capacity 
between  each  turn  and  ground  and  between  adjacent  turns 
(the  latter  having  very  much  the  same  effect  as  the  former) ; 
the  capacity  of  each  turn  may  then  be  considered  as  equivalent 
to  a  small  condenser.  Before  the  discharge  from  the  line 
reaches  the  first  of  these  condensers,  the  potential  of  the  corres- 
ponding turn  remains  practically  zero  and  thero  will  be  no 
change  until  the  discharge  from  the  line  has  flowed  from  the 
terminal  to  this  first  condenser,  as  Dr.  Steinmetz  has  explained , 
and  for  a  brief  instant  of  time  full  potential  is  impressed  between 
the  terminal  and  this  point.  Then,  as  the  charge  penetrates, 
this  potential  is  distributed  on  more  and  more  turns.  Suppose  we 
assume  A  in  Fig.  1  to  be  the  line  end  of  the  transformer  winding, 
and  that  the  other  end  B  is  connected  to  ground.  Then,  in  the 
first  case  where  there  is  no  capacity  in  the  winding  and  no 
series  coil,  the  maximum  strains  will  be  shown  by  Cur\^e  /,  in 
which  is  plotted  as  ordinates  the  maximum  potential  which 
will  be  found  on  each  turn.  The  resultant  curve  will  be  practic- 
ally a  straight  line. 

In  the  case  in  which  we  have  capacity  in  the  winding,  however, 
and    no   series   choke-coil,    the    cur\^e    of   maximam   potential 
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between  turns  is  shown  by  Curve  II.  Taking  the  case  in  which 
the  winding  has  no  capacity,  and  a  series  choke-coil  is  introduced 
at  the  point  C,  the  distribution  of  potential  will  be  as  shown  in 
Curve  III,  where  each  unit  of  inductance  receives  the  same 
impressed  voltage.  In  the  case  where  the  winding  contains 
inductance  and  we  have  a  series  choke-coil,  as  usually  met 
with  in  practice,  we  have  a  distribution  of  the  potential  as 
shown  in  Curve  IV.  The  effect  of  the  choke-coil  is  thus  seen, 
in  practice,  to  be  the  reducing  of  the  maximum  strain  on  the 
first  turns  only. 


DISTANCE  Of  TURN  FROM   B- 

FlG.  1. 


Of  course  the  condition  which  determines  how  much  poten- 
tial will  be  impressed  on  the  outer  turns  of  the  winding  is  the 
rate  at  which  the  charge  penetrates  the  coil,  and  is  controlled 
just  as  much  by  the  capacity  of  the  winding  as  by  its  inductance. 
The  greater  the  inductance  and  the  greater  the  capacity  the 
slower  will  the  discharge  penetrate,  and  the  greater  will  be  the 
concentration  of  potential. 

I  think  it  will  generally  be  admitted  that  one  given  value  of 
inductance  in  a  series  choke-coil  will  not  be  suitable  for  pro- 
tecting all  sizes  and  types  of  transformers. 

Mr.  Jackson  has  brought  out  an  interesting  point:  that  a 
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condenser  which  is  stretched  out  over  a  long  distance ;  that  is, 
having  distributed  inductance  and  capacity,  as  a  transmission 
line,  charged  to  a  given  potential,  cannot  produce  during  discharge 
more  than  a  certain  current,  and  that  using  a  definite  resistance 
in  series  with  such  a  discharge  would  always  produce  a  potential 
proportional  to  the  potential  to  which  the  line  was  previously 
charged.  This  condition,  which  is  not  true  of  a  condenser 
where  there  is  not  a  uniform  distribution  of  capacity  and  induc- 
tance, is  analogous  to  the  discharge  of  water  from  a  long  trough 
or  canal  of  uniform  cross-section,  in  which  case  when  once 
started  the  liquid  contents  would  flow  out  at  the  mouth  at  a 
constant  rate,  neglecting  resistance  losses.  However,  it  is 
hardly  safe  to  apply  this  conclusion  to  a  practical  transmission 
line,  since  we  may  not  have  one,  but  several  lines  discharging 
through  the  arrester  at  once,  and  since  we  may  have  a  direct 
lightning  discharge  passing  to  gro\md  which  will,  of  course,  be 
controlled  as  regards  its  current  strength  by  considerations 
other  than  line  capacity. 

I  wish  to  call  your  attention  again  to  another  system  of  light- 
ning protection,  differing  from  the  arrangement  suggested  by 
Mr.  Mershon.  Suppose  we  have  a  transmission  line  and  have 
standard  lightning-arrester  apparatus  of  a  type  capable  of 
caring  for  ordinary  discharges  continuously  and  without  renewal. 
We  may  then  add  at  some  point,  possibly  between  1  and  5  miles 
from  each  station,  a  number  of  fuses  in  parallel,  connected 
between  line  and  ground  in  series  with  a  spark-gap,  each  fuse 
having  in  addition  a  gap  of  its  own.  We  then  have  an  arrange- 
ment which  will  not  only  care  for  ordinary  disturbances  without 
attention  or  renewing  of  apparatus,  through  the  arresters  at 
the  stations,  but  also  for  relieving  severe  discharges  or  passing 
direct  strokes  to  earth  through  one  of  the  fuses,  and  thus  inter- 
rupting the  generator  current.  The  use  of  several  fuses  and 
series  air-gaps  insures  that  a  number  of  severe  discharges  can 
occur  without  leaving  the  line  unprotected.  These  fuses  can 
also  be  easily  arranged  to  be  renewed  while  voltage  remains  on 
the  line. 

This  system  of  protection  is  brought  up  at  this  meeting  on 
account  of  the  tests  reported  by  Mr.  Jackson,  which  indicate 
that  a  fine  wire  inclosed  in  a  tube  opens  the  circuit  very  quickly 
— in  this  case  at  the  end  of  the  first  alternation — without  rise 
of  potential  and  without  opening  circuit-breakers,  and  pre- 
sumably without  disturbing  synchronous  apparatus.  This 
result,  if  substantiated  by  later  experience,  as  seems  very 
probable,  is  of  the  greatest  importance,  as  it  eliminates  one  of 
the  chief  presumptive  difficulties  of  fuse  arresters:  namely,  the 
interrupticm  of  service  from  temporary  short-circuit  on  the  line. 
I  suggest,  however,  the  use  of  a  German  silver  wire  in  place 
of  the  fine  copper  wire,  as  this  will  blow  at  a  smaller  current. 

The  electrolytic  arrester  is,  of  course,  the  item  of  greatest 
interest  in  Mr.  Jackson's  paper.     There  seems  to  be   a    general 
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impression  that  this  will  work  out  satisfactorily  and  will  eliminate 
a  great  many  of  our  lightning-arrester  troubles,  both  theoret- 
ical  and  practical. 

E.  E.  F.  Creighton:  In  the  matter  of  equivalent  needle-gap 
of  apparatus,  resistance,  etc.,  the  mysteries  are  gradually 
clearing  away.  In  measuring  the  equivalent  needle-gap  of  a 
resistance  there  are  a  number  of  factors  involved  which  give 
variations.  The  equivalent  needle-gaps  of  rods  in  series  and 
parallel  ;are  given  below: 

The  G  gap  on  the  static  machine  was  set  at  4  in.,  the 
electrodes  on  the  static  machine  were  1.4  in.  in  diameter.  The 
inner  coatings  of  three  one-gallon  Leydenjars  were  connected 
to  each  terminal  of  the  machine,  and  the  outer  coatings  of  each 
set  were  connected  to  the  resistance  terminals.  The  equivalent 
needle-gap  of  three  rods  (750  ohms)  was  1.59  in.  With  another 
equal  resistance  laid  in  parallel,  the  equivalent  needle-gap  was 
1.27  in.  With  the  third  equal  resistance  laid  in  parallel, 
the  equivalent  needle-gap  was  1.09  in.  With  the  resistance 
short-circuited,  the  equivalent  needle-gap  was  0.15  in.  If  the 
three  values  of  equivalent  needle-gap  of  the  three  resistances 
are  plotted,  there  is  a  proportionality  which  approaches  a  straight 
line.  If  we  take  into  account  the  impedance  in  the  circuit,  we 
do  not  in  this  case  get  the  concordant  values  shown  later.  There 
is  every  reason  to  believe  that  the  same  laws  apply  to  a  needle- 
gap  used  to  measure  voltage  as  apply  to  meters.  In  this  case  we 
are  attempting  to  measure  the  impedance  of  a  circuit  16  in. 
long  with  a  needle-gap  connected  to  leads  which  are  more  than 
three  times  as  long,  therefore  we  may  scarcely  expect  to  get 
correct  values  of  the  inductive  drop  across  the  16  in.  Further- 
more, it  requires  a  certain  time  to  elapse  after  the  potential  is 
applied  to  the  needle-gap  before  the  gap  begins  to  spark.  If  we 
put  the  needle-gap,  as  an  instrument  of  measure,  under  better 
conditions  of  operation ;  that  is,  make  the  needle-gap  circuit  of 
less  inductance  than  the  circuit  to  be  measured,  it  gives,  at 
least  in  most  cases,  reasonably  good  results.  Following  is 
given  the  relation  of  the  equivalent  needle-gap  of  resistance 
made  up  in  two  ways: 

1.  As  a  sample  rod  of  250  ohms;  2.  As  seven  rods  in  par- 
allel and  seven  sets  in  series,  making  a  total  of  250  ohms.  The 
equivalent  needle-gap  of  the  single  rod  was  0.47  in.  {G-X  in). 
The  equivalent  needle-gap  of  the  49  rods  was  0.86  in.  The 
circuit  composed  of  the  49  rods  was  necessarilly  very  much 
longer  than  that  of  a  single  rod,  consequently  a  short-circuit- 
ing wire  was  laid  over  the  same  path  and  the  equivalent 
needle-gap  taken  of  the  inductance.  The  value  was  0.6  in. 
It  will  be  seen  that  the  equivalent  needle-gap  of  the  induct- 
ance and  the  equivalent  needle-gap  of  the  resistance  will 
combine  vectorially  to  make  88%  of  equivalent  needle-gap  of 
the  impedance  of  the  49  rods.  This  error  of  12%  can  be 
accounted  for. 
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The  same  set  of  resistances  was  tested  with  a  machine  gap  of 
G^  =  7  in.     We  obtained  the  following  equivalent  needle-gaps: 

250  ohms  in  a  single  rod,  0.59     in. 

250  ohms  in  49  rods.  1 .  35      " 

A  copper  wire  in  place  of  the  49  rods,  0.95      ** 

The  combination  of  the  resistance,  0.59  in.  and  inductance 
0.95  in.  vectorially  gave  1.12  in.  for  the  equivalent  needle- 
gap  of  the  49  rods  instead  of  1.35  in.  Again,  the  conclusion  is 
that  the  discrepancy  is  within  the  degere  of  accuracy  of  meas- 
urement. These  rods  were  made  of  standard  composition 
with  carborundum  as  a  base.  The  resistance  seems  to  have 
the  same  parelleling  properties  as  metallic  resistance.  In  fact, 
the  same  ohmic  resistance  of  either  non-metallic  rods  or  metal 
wire  gives  the  same  equivalent  needle-gap.  There  is  a  case, 
however,  where  parallel  resistances  made  up  of  non-metallic 
composition  will  not  have  the  paralleling  properties.  This 
kind  of  resistance  may  be  placed  in  the  category  of  coherers. 
If  the  substance  of  the  resistance  is  composed  of  particles  which 
are  normally  in  separation  and  a  static  spark  takes  place,  the 
particles  cohere  along  a  definite  line  and  suddenly  reduce  the 
resistance  to  a  comparatively  low  value.  If  the  resistance  is 
sufficiently  reduced  or  the  quantity  of  electricity  is  sufficiently 
small,  the  coherer  thread  of  contacts  relieves  the  potential,  and 
there  is  no  tendency  for  the  material  to  break  down  in  any 
other  line.  Under  these  circumstances,  placing  a  parallel 
resistance  in  circuit  will  not  affect  the  equivalent  needle-gap. 

As  a  matter  of  comparison,  the  equivalent  needle-gaps  are 
given  herewith  for  rods  of  higher  resistance.  In  each  case  the 
machine  gap,  G,  was  4  in.  The  length  of  the  rods  in  the 
following  test  was  8.5  in.  The  equivalent  needle-gap  of  one 
3200-ohm  rod  was  1.52  in.  The  equivalent  needle-gap  of  two  of 
these  rods  in  parallel  was  1.14  in.  It  should  be  noted  that 
the  equivalent  needle-gap  of  this  3200-ohm  rod  is  less  than 
the  equivalent  needle-gap  of  750  ohms,  due  to  the  fact  that 
the  three  rods  making  up  the  750  ohms  gave  a  longer  length 
of  circuit  than  the  one  rod  of  3200  ohms. 

The  equivalent  needle-gap  of  one  220,000-ohm  rod  was  2.15  in. 
The  equivalent  needle-gap  of  two  of  these  rods  in  parallel  was 
1.79  in.  It  should  be  noted  in  this  test  that  the  resistance  of  the 
rod  as  compared  to  the  inductance  of  the  rod  is  becoming 
predominant. 

Since  these  results  can  be  explained  by  conditions  of  the 
inductance,  capacity,  and  the  method  of  measurement,  it  would 
seem  that  an  equivalent  needle-gap  tak^^n  under  any  other  con- 
dition need  only  have  all  the  conditions  given  to  make  it  intelli- 
gible. If  the  frequency  of  the  circuit  is  lowered  the  inductance 
factor  in  the  above  tests  becomes  more  negligible. 

The  speaker  has  been  working  for  several  years  on  electrolyte 
cells,  especially  in  their  application  to  lightning-arresters.  Two 
years  ago  one  of  these  arresters  was  installed  for  test  on  a  line 
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during  a  short  period,  and  last  year  we  had  an  aluminum  cell 
arrester  on  a  33,000-volt  line  during  practically  the  whole 
lightning  season.  The  speaker  was  scheduled  last  year  to  read 
a  paper  on  this  subject  before  the  Institute, but  it  was  thought 
advisable  to  put  the  arrester  in  commercial  form  with  the  ex- 
perience of  a  season  back  of  it  before  describing  it.  There  is 
much  to  be  said  in  its  favor.  We  have  collected  a  consider- 
able amount  of  experimental  data  concerning  its  operation  which 
we  hope  to  present  at  the  March  meeting.  These  cells  can 
be  so  made  that  the  resistance  above  the  critical  voltage  will 
^  but  ^  0^0  fl  0  of  the  resistance  below  the  critical  voltage. 
In  other  words,  a  cell  has  a  high  resistance  for  normal  potential, 
but  a  low  resistance  for  potentials  much  above  the  normal. 
It  has  been  our  practice  to  install  the  arrester  with  its  critical 
potential  about  25%  above  normal.  The  current  that  this  cell 
will  discharge  without  increasing  the  potential  to  a  dangerous 
value  depends  entirely  upon  the  construction. 

Below  will  be  found  some  information  regarding  screening, 
chosen  from  tests  on  the  multigap  arrester.  There  were  190 
3^j-in.  gaps  in  series.  Without  a  screen  on  the  multigap 
arrester,  the  spark-potential  on  a  60-cycle  circtiit  was  68  kv. 
With  a  spreen  around  the  multigap  arrester,  the  spark  potential 
dropped  to  60.4  kv.  With  one  terminal  permanently  grounded, 
the  spark  potential  was  47.5  kv.  without  a  screen;  with  a 
screen  the  spark  potential  rose  to  53.9  kv.  With  one  terminal 
arcing  to  ground  and  no  screen,  the  spark  potential  was 
between  34  and  36  kv.  Under  the  same  conditions,  with  a  screen, 
the  spark  potential  was  between  40  and  43  kv.  It  will  be  seen 
from  these  tests  that  the  tendency  is  to  make  the  spark  potential 
more  uniform  for  all  conditions,  but  the  screen  does  not  en- 
tirely accomplish  the  result.  The  equivalent  needle-gap  with 
an  impressed  frequency  of  three  million  was  then  taken  with 
the  following  results: 

The  equivalent  needle-gap  with  the  screen  was  2.45  in.;  the 
equivalent  needle-gap  without  the  screen  was  2.67  in.  The 
sum  of  the  190  series  gaps  is  6  in.  The  two  halves  of  the  ar- 
rester were  connected  by  a  wire  of  considerable  length  which 
makes  the  equivalent  needle-gap  higher  than  that  of  the  normal 
installation. 

In  regard  to  the  form  of  the  potential  wave.  I  presume  that 
the  direction  of  movement  in  Fig.  8  is  from  right  to  left  and 
that  a  current  transformer  was  used  in  getting  the  current 
record,  but  I  cannot  understand  why  the  potential  wave  is  all 
on  one  side  of  the  zero  value.  Did  not  this  oscillograph  have  a 
very  low  natural  period  of  vibration?  In  Fig.  9  I  note  again 
that  the  deflections  of  the  potential  wave  are  greater  on  one 
side  of  the  zero  than  on  the  other  side,  and  that  the  generator 
wave  of  potential  had  already  reached  a  considerable  value 
before  the  switch  was  closed. 

In  Fig.  8  the  oscillogram  shows  that  the  current  apparently 
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reversed  in  direction  and  then  came  gradually  back  to  zero. 
Experience  demonstrates  that  the  current  will  continue  to  flow 
during  most,  at  least,  of  the  second  half-cycle  if  it  once  gets 
started  in  the  reversed  direction.  The  false  record  of  the 
oscillogram  is  due  to  the  use  of  a  current  transformer.  The 
magnetic  leakage  in  the  transformer  prevents  the  current  in 
the  oscillograph  rising  to  its  true  maximum  value.  The  de- 
creasing current  is  less  sudden,  the  magnetic  leakage  less,  and 
therefore  the  deflection  is  carried  across  the  zero  and  returns 
along  a  logarithmic  cur\'e  to  zero. 

H.  B.  Alverson:  As  the  testing  of  lightning-arresters  comes 
at  the  operating  end,  I  can  merely  speak  of  certain  results  ob- 
tained in  stations  having  700-  to  i200-kw.  circuits,  with  a 
station  capacity  of  3,000  to  6,000  kw.,  with  standard  forms  of 
lightning-arresters.  The  experience  extended  over  a  period  of 
several  years.  It  was  soon  found  that  arresters  without  series 
resistance  on  these  circuits  were  of  no  value.  The  standard 
forms  of  lightning-arresters  were  used  under  ordinary  condi- 
tions, with  care  and  inspection,  the  limiting  resistance  producing 
a  condition  that  gives  operating  results  approaching  continuous 
service.  We  have  one  of  our  stations  equipped  with  choke- 
coils  and  low-equivalent  arresters.  With  this  outfit  no  inter- 
ruption to  the  serv-ice  has  occurred;  whether  this  covers  all 
conditions  or  not  of  course  we  cannot  tell.  As  Dr.  Steinmetz 
has  said,  we  cannot  obtain  arresters  that  will  cover  every  con- 
dition, but  it  appears  to  me  that  on  the  lower  voltages  there  is 
apparatus  with  which  results  may  be  obtained  which  will  answer 
all  purposes. 

As  I  read  it,  this  paper  gives  a  method  of  determining  the 
proper  choke-coil  to  be  used  for  any  particular  apparatus. 
With  that  data  it  should  not  be  a  very  difficult  matter  to  obtain 
proper  proportions  of  apparatus  so  as  to  avoid  suffering  any 
severe  interruptions  except  in  extraordinary  cases. 

P.  M.  Lincoln:  The  collection  of  data  on  this  subject  of 
lightning  protection  is  one  of  the  most  difficult  with  which  the 
electrical  engineer  has  to  deal.  It  is  difficult  on  account  of  th 
impossibility  of  observing  what  takes  place  in  practice.  It  is 
impossible  to  tell  the  exact  strength  of  the  blow  of  the  lightning 
force  in  any  given  case,  and  it  is  almost  impossible  to  tell  what 
its  results  are  on  account  of  the  lack  of  observers  at  the  time 
the  thing  happens  and  the  varying  talcs  one  gets  from  casual 
observers  after  the  thing  happens.  As  I  look  at  it,  there  are 
three  methods  by  which  we  can  collect  data  on  the  general 
subject.  One  is  that  just  mentioned;  viz.,  the  observation  of 
lightning  phenomena  themselves.  This  is  unsatisfactory,  for  the 
reasons  just  stated.  Although  it  is  impossible,  or  difficult, 
rather,  to  judge  of  the  reason  why  certain  protective  apparatus 
fails  or  succeeds  in  actual  practice,  still  on  its  results  in  actual 
practice  must  depend  the  final  judgment  as  to  the  value  of 
that  apparatus. 
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The  second  method  of  obtaining  data  on  this  subject  is  that 
of  pure  reason.  In  that  category  I  place  the  first  part  of  the 
paper  read  this  evening,  and  also  the  interesting  arrester 
arrangement  which  Mr.  Mershon  has  just  described.  I  would  also 
place  in  the  same  category  the  very  interesting  exposition 
which  Dr.  Steinmetz  has  given  us  in  regard  to  when  a  choke- 
coil  is  not  a  choke-coil.  These  things  I  would  place  under  the 
head  of  pure  reasoning  on  this  subject,  and  we  can  get  a  good 
deal  of  information  in  that  way. 

The  third  way  is  to  manufacture  our  own  lightning  and 
discharge  it  through  set  conditions  in  certain  circuits,  and  by 
varying  the  conditions  which  obtain  in  the  circuits,  derive  the 
information  sought  for.  By  creating  our  own  artificial  lightning 
and  discharging  it  through  given  conditions,  and  making  observa- 
tions, by  that  method  we  can  gain  our  most  reliable  data.  That  is 
the  method  pursued  in  the  historical  experiments  by  Oliver 
Lodge,  as  well  as  those  pursued  later  by  Mr.  Wurts  and  still 
later  by  Mr.  Thomas  and  others. 

One  more  point,  and  that  is  in  designing  lightning  appar- 
atus we  have  two  things  to  protect;  one,  the  protection  of  the 
apparatus  in  the  circuit;  the  other,  the  protection  of  the 
service.  A  simple  spark-gap,  nothing  in  series  with  it,  is  un- 
doubtedly a  most  perfect  protection  to  the  apparatus.  It 
allows  the  accumulated  charge  to  get  off  the  line,  but  at  the  same 
time  it  allows  the  dynamo  current  to  follow  and  thereby  interrupt 
the  ser\'ice,  unless  there  is  some  arc-interrupting  device.  I  think 
that  these  two  things  should  be  kept  quite  distinct :  protection  of 
the  apparatus  and  the  protection  of  the  service.  Most  operating 
engineers  will  be  willing  to  sacrifice  some  apparatus  to  save  the 
service. 

Ralph  D.  Mershon:  Referring  to  the  suggestions  made  by  Dr. 
Steinmetz  relatively  to  using  a  single  resistance,  I  have  preferred 
not  to  do  this  because  it  seems  to  me  an  advantage  to  have 
several  paths,  thus  reducing  the  inductance  as  well  as  the  re- 
sistance of  the  combined  path  to  ground. 

One  reason  for  not  using  the  number  of  gaps  shunted  in  the 
way  he  described  is  that  my  experience  with  a  series  of  gaps 
has  not  been  a  very  happy  one,  due  to  the  peculiar  distribution 
of  potential  over  these  gaps  by  reason  of  capacity  effects.  I 
prefer  something  like  a  horn  arrester  which  is  not  easily  burned 
up,  and  is  not  subject  to  the  uncertainties  to  which  a  series  of 
gaps  are  liable.  I  am  especially  in  favor  of  the  horn  arrester 
because  it  can  be  put  out  of  doors ;  whereas  a  series  of  discharge 
gaps  is  not  well  suited  to  this. 

I  think  that  fuses  on  the  line  would  not  be  effective  in  protecting 
station  apparatus,  judging  from  some  things  which  have  hap- 
pened from  time  to  time  on  transmission  lines  under  construction. 
I  have  known  of  cases  where  a  line  in  the  course  of  construction, 
with  the  line  conductor  grounded  at  the  point  where  the  con- 
struction work  left  off,  has  been  struck  by  lightning  which, 
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instead  of  going  a  mile  along  the  line  conductors  to  ground,  has 
preferred  to  smash  through  insulators,  presumably  in  the 
neighborhood  of  the  point  where  the  disturbance  originated. 
I  am  sure  that  fuses,  in  order  to  protect  the  station,  would  have 
to  be  at  closer  intervals  than  those  suggested  by  Mr.    Thomas. 

R.  P.  Jackson:  Mr.  Mershon  asks  about  Fig.  4.  In  that 
case  the  static  disturbances  were  impressed  upon  both  ends  of 
the  transformer.  I  left  off  the  other  end  of  the  curve,  as  it 
was  a  duplicate  of  the  end  shown.  We  got  no  record  different 
from  the  end  which  is  shown.  As  to  what  the  effect  ol  the 
disturbance  on  one  end  would  otherwise  have  been  on  the 
other  we  cannot  tell ;  but  tests  have  been  made  with  transformer 
coils,  with  iron  and  without  iron,  showing  no  material  difference, 
in  choking  effect,  etc. 

In  regard  to  oil  choke-coils,  and  the  closer  spacing  of  the 
turns,  another  point  I  did  not  mention  was  that  th^  choke 
effect  is  not  directly  a  function  of  its  total  inductance,  but  of 
its  inductance  per  unit  length;  and  naturally  a  coil  which 
could  be  made  more  compact  and  have  greater  inductance 
per  unit  length  of  wire  would  have  a  greater  reflecting  effect. 
It  is  true,  as  Dr.  Steinmetz  pointed  out,  the  capacity  effect 
would  come  in,  and  a  coil  would  be  ineffective  for  very  high  fre- 
quency and  very  low  frequency,  but  there  is  a  wide  range  which 
appears  to  include  most  lightning  disturbances  which  a  choke- 
coil  will  handle. 

Regardin.c:  the  400  ohms  as  a  critical  resistance,  it  was  not 
meant  that  this  was  the  only  permissible  resistance  without  any 
question  whatever.  It  was  a  value  which,  under  the  conditions 
given,  would  just  eliminate  a  rise  of  potential  and  reflection  at 
the  lead  of  the  apparatus,  meaning  that  lower  resistances  were 
desirable,  if  possible.  Therefore,  from  that  calculation  it  ap- 
peared to  be  that  100  ohms,  or  something  in  that  region  would  be 
more  desirable  than  anything  above  it.  It  would  notimeanthat 
1,000  ohms  would  not  do  any  good,  but  that  it  would  do 
so  little  good  that  great  effort  should  be  made  to  keep  below 
the  400  ohms,  because,  under  the  conditions  indicated,  using 
1,000  ohms  .while  there  is  some  discharge,  there  is  still  a  rise  of 
potential  and  reflection  which  will  do  harm.  While  the  rise 
of  potential  is  not  the  same  for  any  resistance  whatever,  still  it 
would  be  there  to  some  degree;  400  ohms  would  prevent 
rise  of  the  deflection,  but  still  give  a  rise  equal  to  that  of  the 
original  incoming  wave,  while  with  zero  resistance  there  would 
be  no  potential  whatever  existing  there.  What  Mr.  Thomas 
says  about  parallel  lines  requiring  lower  resistance  is  perfectly 
true. 

In  regard  to  the  oscillograms,  I  did  not  operate  the  oscillograph 
at  the  time  the  records  were  taken,  and  I  cannot  say  why  the  one 
on  Fig.  8  is  not  symmetrical,  but  any  one  who  has  worked 
with  an  oscillograph  knows  that  they  do  become  erratic  at 
times  and  deviate  considerably,  probably  due  to  static  influences. 
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This  effect  is  not  so  noticeable  on  Fig.  9,  but  still  the  curve  is 
somewhat  distorted,  due  to  some  lack  of  adjustment  in  the 
oscillograph,  or  failure  to  ground  the  frame. 

J.  F.  Vaughan  (by  letter):  In  view  of  recent  progress 
made  in  special  devices  for  the  protection  of  lines  and 
apparatus  there  seems  to  be  good  prospect  of  accomplish- 
ing proper  protection  against  ordinary  disturbances  due 
directly  to  internal  or  induced  by  external  causes.  Little  at- 
tention, however,  has  been  given  to  the  possibility  of  protect- 
ing lines  against  direct  lightning  stroke.  It  is  unreasonable 
to  expect  to  provide  sufficient  line  insulation  to  prevent 
such  a  stroke  from  going  to  ground,  or  sufficiently  frequent 


Fig.  1. 


arresters  safely  to  carry  the  excessive  charge  to  ground.  Why 
not  divert  such  strokes  from  the  lines?  Lightning  rods  on  the 
line  poles  and  overhead  grounded  wires  have  been  of  some 
value  in  preventing  damage  to  lines  and  poles.  Why  not  go  a 
step  farther  and  provide  entirely  separate  paths  to  ground  by 
means  of  lightning  rods  mounted  on  separate  poles  well  above 
and  at  one  side  of  the  line.  With  this  in  view,  the  50,000-volt 
Taylor's  Falls  transmission  line  in  Minnesota,  in  addition  to  a 
number  of  other  devices,  was  protected  last  summer  for  two 
miles  through  the  most  exposed  region  by  poles  at  the  side  of 
the  line  carrying  rods  25  ft.  above  the  upper  transmission 
wire. 
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Although  the  storms  last  summer  were  unusually  few  and 
light,  the  photograph  of  one  direct  stroke  to  earth  shows  the 
main  discharge  branching  off  into  many  secondary  discharges 
like  an  inverted  tree,  covering  an  area  of  ground  of  probably 
over  a  mile  in  diameter,  indicating  clearly  that  the  territon- 
affected  was  not  restricted  to  the  immediate  vidnity  of  the 
bolt.  It  is  interesting  to  note  that  while  six  transmission  line 
poles  in  different  parts  of  the  line  were  splintered  the  previous 
summer  before  any  wire  was  stnmg,  last  summer  several  of  the 
lightning-rod  poles  showed  punctured  tell-tale  papers  inserted 
in  their  ground  connections,  one  puncture  indicating  a  heavy 
discharge  to  groimd,  while  the  line  itself,  though  not  in  operation, 
did  not  suffer. 

A.  Henry  Pikler  (by  letter) :'  The  present  paper,  it  seems  to 
me,  although  its  title  in  general  refers  to  lightning  protective 
apparatus,  deals  in  reality  with  such  elements  of  it  as  are  pro- 
tective not  against  lightning  directly,  but  rather  against  its 
secondary  effect — induced  high  potentials;  still  more  efficiently 
against  surges  due  to  short  circuits,  sudden  and  great  changes 
of  the  line  current.  Furthermore,  this  apparatus  is  suitable  to 
protect  only  particular  points  of  an  electric  power  transmission 
equipment — namely,  those  located  in  the  power  house  or  in  the 
sub-station  and  not  the  transmission  line. 

In  discussing  the  devices  brought  forward  in  the  paper,  I 
shall  restrict  myself  to  the  choke-coil.  Of  late  the  choke-coil 
appears  to  have  been  much  neglected.  I  have  seen  large  power 
installations  in  connection  with  a  35,000-volt,  30-mile  transmis- 
sion line,  made  by  one  of  the  leading  manfacturing  companies 
of  the  country,  where  the  choke-coil  was  omitted.  The  conse- 
quence was  that  during  lightning  storms,  or,  in  the  case  of  grounds, 
sudden  changes  of  loads,  short  circuits,  the  ensuing  surges 
ruptured  the  insulation  of  the  main  switches  in  the  power  house 
and  grounded  the  line,  although  the  lightning-arresters  were 
discharging  profusely. 

In  order  to  illustrate  the  powerful  protection  offered  by  a  few 
turns  receiving  tremendous  shocks  directly,  I  want  to  mention 
that  in  the  same  power  plant  one  of  the  little  synchronizing 
transformers  on  the  auxiliary  bus-bars  was  connected  up  in 
the  wrong  way  and  when  two  transmission  lines  were  to  be 
paralleled,  this  was  done  in  full  oposition  of  the  operating 
generat(jrs.  A  tremendous  short  circuit  and  rise  of  potential 
was  the  result  and  almost  all  the  transformers  broke  down. 
Upon  invcsti^^'ition  it  was  found  that  only  the  very  first  turns 
of  the  end-coils  were  punctured  through  many  small  holes.  It 
will  be  interesting  to  note  that  these  end-coils  had  very  heavy 
insulation  on  them,  (also  the  end-turns  were  extra  heavily 
insulated)  sutfieient  to  stand  about  100,000  volts  (though  they 
were  not  at  all  intended  to  be  ehoke-coils; ,  whereas  the  other 
coils,  many  in  number,  were  almost  bare.  These  latter  were 
entirely  uninjured. 
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I  was  very  much  surprised  to  hear  Mr.  Mershon,  the  chairman 
of  the  High-Tension  Transmission  Committee,  recommend  the 
use  of  the  first  few  turns  of  the  transformer  as  a  choke-coil  by 
placing  extra  heavy  insulation  on  them,  thus  saving  the  expense 
of  an  extra  choke-coil.  While  theoretically  this  seems  plausible, 
from  the  practical  standpoint  I  most  decidedly  disagree  with 
him.  The  duty  of  the  protective  apparatus  is  to  save  from 
injury  the  vital  elements  of  a  transmission  equipment,  even  at 
the  cost  of  life  of  the  protective  apparatus.  This  is  necessary 
for  two  reasons:  to  avoid  interruption  of  the  service,  and  to 
save  the  more  expensive  power  station  equipment  from  break- 
downs and  bum -outs. 

To  have  the  choke-coil  form  the  internal  part  of  the  trans- 
former would  mean  to  provoke  just  this  trouble.  There  exists 
no  commercial  insulation  or  method  of  insulating  that  would 
save  the  choke-coil  from  a  flash -over  and  ensuing  bum-out 
between  adjacent  layers  and  tums,  if  the  relation  between 
inductance  and  capacity  of  coil  and  the  periodicity  of  the  dis- 
turbance is  such  as  to  cause  resonance.  Such  and  similar 
disturbances  would  mean  to  cut  out  that  transformer  and 
cripple  the  ser\'ice  for  some  time.  Besides  this,  it  means  damag- 
ing and  repairing  a  piece  of  apparatus  worth  several  thousands 
of  dollars,  whereas  if  the  choke-coil  is  made  independent  of  the 
transformer  it  means  only  the  damage  of  the  choke-coil,  worth 
perhaps  a  few  hundred  dollars. 

Furthermore,  from  the  standpoint  of  the  designing  engineer 
I  do  not  consider  it  reasonable  to  have  two  pieces  of  apparatus, 
serving  different  purposes  and  involving  entirely  different 
methods  of  calculation,  design,  and  manufacture  combined  in 
one.  Both  would  suffer  in  the  end,  the  transformer  as  well  as 
the  choke-coil.  At  the  same  time  I  do  believe  and  strongly 
reconxmend  the  insulating  of  the  first  few  tums  next  to  the  line 
with  special  care  and  precaution  on  every  piece  of  apparatus, 
but  I  would  like  to  see  the  choke-coil  in  series  with  it.  On  high- 
voltage  induction  motors  operating  at  5,000  volts  and  above, 
break-downs  used  to  be  very  frequent,  and  there  seemed  to  be 
no  insulation  good  enough  to  resist  potential  rises  due  to  sudden 
variations  in  load,  etc.;  the  choke-coil  was  put  in  series  with 
the  terminals,  and  the  trouble  was  eliminated  at  once. 

H.  W.  Buck  (by  letter):  The  tendency  of  this  paper  and  its 
discussion,  which  is  common  in  the  treatment  of  lightning  dis- 
turbances, is  to  regard  the  problem  solely  from  the  standpoint 
of  the  mathematical  theory  of  oscillations.  This  is  undoubtedly 
wise  to  a  certain  extent,  but  there  are  very  important  light- 
ning troubles  which  lie  quite  outside  the  realm  of  calculation. 
I  refer  ]>articularly  to  direct  strokes  upon  a  transmission  line 
from  lightning  bolts  of  great  violence.  Here  the  problem 
before  th'  engineer  might  be  considered  more  one  in  fortifications 
than  in  oscillations  or  surges.  There  are  many  discharges 
which     take    place    in    thunderstorms    between    clouds    and 
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earth  which  apparently  are  not  only  of  very  high  potential  but 
also  of  very  large  current  volume.  Trees  and  poles  are  some- 
times completely  shattered  by  such  strokes.  The  explosive 
violence  with  which  wood-fibre  flies  to  pieces  at  such  times 
seems  only  explicable  on  the  theory  that  there  is  sufficient 
current  to  cause  either  instantaneous  evaporization  of  the  juices  in 
the  wood  and  consequent  expansive  force,  or  else  the  immediate 
expansion  of  the  gases  held  in  the  pores  of  the  wood.  In  either 
case  the  volume  of  current  must  be  very  large,  and  the  ordinary 
lightning-arrester  resistances  used  for  the  discharge  of  transmis- 
sion lines  is  entirely  inadequate.  My  feeling  is  that  the  electro- 
lytic arrester  described  in  the  paper,  if  selected  for  the  groimd 
path  of  one  of  the  above  lightning  bolts,  would  meet  much  the 
same  fate  as  that  of  the  tree. 

The  most  promising  system  of  protection  against  direct 
strokes  on  the  line  seems  to  be  that  of  the  overhead  ground  wire, 
or  preferably  a  grotmded  network  supported  on  the  transmission 
poles  or  towers  above  the  conductors.  Such  a  system  if  properly 
mstalled  and  grotmded  at  every  support  should  afford  almost 
complete  protection  against  the  striking  of  transmission  conduc- 
tors or  insulators.  If  more  than  one  groimd  shield  wire  is 
used,  and  the  two  or  more  wires  are  connected  together  electric- 
ally at  frequent  inter\'als,  a  further  protection  is  provided,  at 
least  part,  by  this  short-circuiting  shield  against  the  induced 
disturbances  in  the  conductors  from  neighboring  lightning 
discharges. 

There  is  another  source  of  disturbance  from  lightning  which 
is  not  usually  referred  to  in  discussions  of  lightning  troubles. 
I  have  known  of  a  number  of  instances  where  direct  strokes 
upon  objects  such  as  trees  immediately  adjacent  to  a  line  have 
been  followed  by  a  simultaneous  short-circuit  between  phases 
on  the  transmission  line  at  that  point.  Such  action  may  be 
explained  on  the  theory  that  the  air  surrounding  the  conductors 
becomes  ionized  and  conducting  by  the  influence  of  the  stroke 
near  by.  Those  who  have  handled  high-voltage  switches  without 
barriers  between  them  have  observed  how  easily  a  short-circuit 
is  started  in  a  similar  way  by  the  influence  of  a  neighboring  arc. 
Lightning  trouble  of  this  kind  cannot  be  prevented  by  the 
ordinary  type  of  ground-discharge  arrester. 

Deductions  as  to  the  suitability  of  various  types  of  lightning- 
arresters  from  the  experiences  of  individuals  are  very  misleading. 
One  man  who  has  had  no  lightning  trouble  during  a  season  attri- 
butes his  success  to  the  particular  type  of  arrester  he  has  in- 
stalled in  his  plant.  His  success  quite  possibly  might  have 
been  the  same  with  no  arrester  at  all  on  his  lines.  Another 
operator  whose  arresters  have  been  completely  destroyed, 
probably  by  some  direct  stroke  on  the  line,  discards  the  type  as 
useless  although  it  may  have  successfully  taken  care  of  all 
ordinary  disturbances. 
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REPORT  OF  LIBRARY  COMMITTEE. 


We  beg  to  submit  herewith  a  report  of  the  present  state  of 
the  Library  of  the  Institute,  and  the  state  of  the  several 
funds  under  the  cognizance  of  this  Committee. 

As  in  the  preceding  two  years,  progress  in  extending  the 
Library  collections  has  practically  been  halted,  owing  to  prece- 
dence being  given  to  the  canvass  for  raising  funds  from  the 
membership  to  meet  obligations  assiuned  in  connection  with 
the  United  Engineering  Btiilding.  It  is  hoped  by  the  time  the 
Library  is  installed  in  its  splendid  quarters  in  this  btiilding, 
your  Committee  will  again  have  a  free  hand  to  proceed  with 
its  work  in  building  up  the  collection — a  work  commenced  in 
1901  and  interrupted  two  years  later. 

Diiring  the  year  the  Library  received  from  the  International 
Electrical  Congress  of  St.  Louis,  1904,  a  fund  of  $2  052.67, 
representing  the  profits  derived  from  the  sale  of  Transactions 
of  the  Congress.  In  accordance  with  the  Deed  of  Gift,  the 
annual  proceeds  of  this  fund  is  to  be  devoted  solely  to  the  pur- 
chase of  international  electrical  literature. 

The  Bibliography  of  the  Wheeler  Gift,  which  has  been  under 
preparation  the  past  four  years,  is  now  complete,  and  within 
a  few  weeks  the  manuscript  will  be  placed  in  the  hands  of  the 
printer.  The  preparation  of  this  work,  which  includes  bibUo- 
graphic  annotations  to  more  than  5  000  titles  of  books  and 
pamphlets,  represents  a  vast  amount  of  labor  on  the  part  of 
Brother  Potamian,  to  whom  a  great  debt  of  gratitude  is  due 
for  the  scholarly  and  exhaustive  manner  in  which  he  has  ac- 
quitted his  arduous  task.  The  work  will  form  a  large  octavo 
volume,  and  will  andoubtedly  take  high  rank  in  the  literature 
of  bibliography.  According  to  the  Wheeler  Deed  of  Gift, 
every  member  of  the  Institute  will  be  entitled  to  a  copy. 

During  the  year  a  copy  of  the  catalogue  of  the  periodicals 
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Following  are  the  statistics  of  the  Library,  brought  up  to 
May  1,  1906: 

STATISTICS  OF  LIBRARY. 


Source. 


Titles. 


Vol- 
umes. 


Pam- 
phleto 


Valuation. 


1905. 


Report  of  May  1 

PURCHASBS: 

Carnegie  Fund 

Donation  Fund 

MaiUoux  Fund 

Institute  Appropriation 

Periodicals 

Gifts: 

W.  J.  Johnston 

Edward  D.  Adams 

College  of  Science,  Imperial  Univ., 

Japan 

Miscellaneous  Gifts 


7219 

7 

36 

4 

3 

74 


1 
53 


10204 

98 
44 

7 

7 

184 


19 
146 


392 


99 


24 


$21,244.31 

76.02 
92.05 
37.46 
26.00 
368.00 

75?00 
53.93 

38.00 
58.55 


Total,  May  1.  19G6. 
Duplicates 


7400 
228 


10717 
609 


515 


$22,069.31 
824.74 


Duplicate  Periodical  Titles. . 


80 


7092 


10108 


515 


$21,244.57 


Following  is  the  total  valuatiom  of  the  Library  on  May  1, 
1906,  including  permanent  Library  fixtures: 

Total  Valuation. 

Books $22,069.31 

Book  Stacks 1,470.25 

Furniture,  Catalogue  Cases,  etc 135. 20 


$23,674.76 
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Following  are  tabulations  giving  the  present  state  of  the 
several  ftrnds  of  which  the  Library  Committee  has  cognizance: 
Donations  (General  Library  Fund). 

Dr. 

Balance  May  1,  1905 $315.31 

Interest  May  1,  1906 9. 30 


$324.61 


Cr. 

Purchase  of  books $92 .  05 

Unexpended 232. 56 


$324.61 


Carnegie  Fund. 


Dr. 
Balance  May  1,  1905. .  .$4,082.37 
Interest  May  1.  1906.  . .       121.50 


$4,203.87 


Cr. 


Wheeler  Bibliography. .    $251 .  50 
Unexpended 3;952.37 


$4,203.87 


Mailloux  Endowment  Fund.     ($1,000.) 
(Proceeds  for  the  maintenance  of  certain  sets  of  periocical  publications  ) 


Dr. 

Balance  May  1,  1905 $8.20 

Interest  May  1,  1900 30.00 


$38.20 


Cr. 

Books  and  Binding $14.25 

Subscription 23.20 

Unexpended 75 


$38.20 


Internat'l    Elec.    Congress    of    St.  Louis,  1904.  Fund.     ($20.i2  07) 
(Proceeds  for  the  purchase  of  international  electrical  literature.) 
Dr.                                     I                              Cr. 
May  1,  1906 I     Unexpended.... 


The  table  below  gives  an  account  of  funds  appropriated  by 
the  Institute  for  Library  purposes  during  the  past  year: 
Institute  Appropriations. 


Dr. 

Appropriation  for  Main- 
tenance  $3,000.00 

Sales  of  Periodical  Cat- 
alogue          51 .25 


$.3,051.25 


Cr. 

Rent $1,475.04 

Insurance 100-35 

Salary,  Librarian 705.00 

154.15 
29.02 
20.00 
91.34 
12.20 


Binding 

Library  Supplies 

Subscriptions 

Express  and  Postage. . . 

Miscellaneous 

Distributing    Periodical 
Catalogue 


34.74 


Unexpended 356. 81 

$3,051.25 
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Following  is  a  comparative  statement  of  disbursements  from 
the  annual  appropriations  of  the  past  three  years: 

1903-1904       1904-1905  1905-1906 

Rent $1,505.04    $1,475.04  $1,475.04 

Insurance 54.77         106.35  106.35 

Salary,  Librarian 780.33         780.00  765.00 

Extra  Assistance 50.00  54.00         

Binding,  Periodicals  and  Books 254. 20         277. 75  154. 15 

Library  Supplies 65.36           16.51  29.62 

Subscriptions 20.00           32.00  26.00 

Express  and  Postage 11.35           14.60  tl26.08 

Miscellaneous 7.70       *109.35  12.20 

Unexpended 251.25         384.40  356.81 

Appropriation $3,000.00    $3,250.00  $3,051.25 


*  Includes  $101.25  for  printing  Catalogue  of  Periodicals,  for  which  an  extra  approfnia 
tion  of  $250.00  was  made. 

t  Includes  expense  of  distributing  Catalogue  of  Periodicals  to  members. 

The  Library  Committee, 
W.  J.  Jenks. 
F.  A.  Pattison. 
F.  W.  Roller. 
C.  A.  Terry. 
W.  D.  Weaver,  Chairman. 
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REPORT  OF  THE  BOARD  OF  DIRECTORS  FOR  THE  FISCAL 
YEAR  ENDING  APRIL  30,  1906. 

The  Board  of  Directors  presents  herewith  for  the  information  of  the 
Institute  a  report  of  its  work  during  the  past  year,  also  of  the  financial 
standing  of  the  organization. 

The  Annual  Convention  was  held  at  Asheville,  North  Carolina,  June 
19-23,  1905.  The  total  attendance  was  approximately  225.  At  this 
Convention,  President  Lieb  delivered  his  annual  address,  and  about  25 
engineering  papers  were  read  and  discussed.  Arrangements  are  now 
nearing  completion  for  the  1906  Convention,  which  will  be  held  at  Mil- 
waukee, May  28- June  1.  An  excellent  program  of  high-grade  papers 
has  been  prepared,  and  a  large  attendance  is  anticipated. 

During  the  year  the  Board  of  Directors  has  held  twelve  regular  monthly 
meetings.  Abstracts  of  most  of  the  annual  reports  of  the  principal 
committees  are  included  herewith. 

The  total  membership  now  is  3870,  an  increase  during  the  year  of 
410.     The  number  of  students  enrolled  is  618. 

In  June,  1905,  the  Board  of  Directors  received  a  communication  from 
the  New  York  Edison  Company,  oflFering  the  Institute  the  use  of  the 
auditorium  in  their  building  at  44  West  27th  Street,  New  York,  for 
holding  the  monthly  Institute  meetings,  until  the  United  Engineering 
Building  is  completed.  This  courtesy  was  promptly  accepted  by  the 
Board,  and  meetings  have  been  held  at  the  above  address  commencing 
in  September,  1905. 

A  communication  was  received  in  November,  1905,  from  the  Institu- 
tion of  Electrical  Engineers  of  Great  Britain,  extending  an  invitation 
to  the  members  of  the  Institute  to  visit  London  and  vicinity,  in  June, 
1906.  This  invitation  has  been  accepted,  and  arrangements  are  now 
being  made  by  a  number  of  our  members  to  participate  in  this  trip. 

An  invitation  was  also  received  from  the  Italian  Electrotechnical 
Association,  inviting  the  Institute  to  visit  the  Milan  Exposition  and 
other  places  in  Italy,  during  June,  1906;  but  after  communicating  with 
the  membership  it  was  found  that  the  number  who  signified  their  desire 
to  attend  was  too  small  to  warrant  the  Institute  being  officially  rep- 
resented, and  consequently  the  Italian  trip  has  been  postponed  to  a 
future  season.  933 
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The  International  Electrical  Congress  of  St.  Louis,  1904,  through 
its  President,  notified  the  Institute  in  February,  1906,  that  the  Con- 
gress had  decided  to  offer  the  Institute  the  balance  remaining  in  the 
hands  of  the  Congress  treasurer,  as  a  gift  to  the  Institute  in  the  form 
of  a  separate  fund  to  be  invested  by  the  Institute;  the  proceeds  to 
be  expended  in  the  purchase  of  international  electrical  literature  for 
the  Institute  library.  This  gift  was  formally  accepted  by  the  Board, 
and  resolutions  adopted  to  the  effect  that  the  fund  shall  be  known  as 
the  *'  International  Electrical  Congress  of  St.  Louis,  1904,  Library 
Fund."  This  fund,  which  now  amounts  to  $2067.06  has  been  deposited 
in  a  Trust  Company  under  the  conditions  indicated  above. 

In  March,  1906,  the  Board  directed  that  the  resolutions  adopted  by 
the  Standardization  Committee  in  favor  of  the  Metric  System,  be  sub- 
mitted to  the  membership  for  a  letter  ballot,  and  that  the  Congressional 
Committee  in  charge  of  the  pending  bill  relating  to  the  Metric  System 
be  notified.  The  result  of  this  ballot  was  1569  in  favor  and  178 
against  the  resolutions. 

Board  of  Examiners. — Twelve  meetings  of  this  Board  have  been  held 
during  the  year  at  which  applications  for  election  as  associates,  enrolment 
as  students,  and  transfers  to  the  grade  of  member  have  been  reported 
to  the  Board  of  Directors  as  follows: 

Recommended  for  election  as  Associates 674 

Not  recommended  for  election  as  Associates 5 

Recommended  for  enrolment  as  students 310 

Recommended  for  transfer  to  grade  of  Member 41 

Not  recommended  for  transfer  to  grade  of  Member 23 

Held  for  further  information 8 

Total  applications  considered 961 

Committee  on  Local  Organizations. — As  this  Committee  was  appointed 
the  latter  part  of  March,  1906,  it  has  had  no  opportunity  for  shaping  or 
assisting  in  the  work  of  the  branches  during  the  past  year.  A  circular 
letter  has  been  sent  to  the  various  local  organizations  asking  for  reports 
and  suggestions  which  may  be  useful  to  the  Committee  in  promoting 
the  welfare  of  the  branches  and  in  proposing  to  the  Board  of  Directors 
such  measures  as  may  be  found  desirable. 

The  reports  from  the  branches  to  the  Secretary's  office  during  the 
past  year  have  been  epitomized  in  the  monthly  Proceedings.  A  re- 
view of  these  reports  shows  that  the  activity  is  quite  general.  Many 
of  the  branches  report  original  papers.  On  the  whole,  the  condition  of 
the  branches  as  indicated  by  these  reports,  is  a  healthy  one. 

A  general  summary  shows  that  there  are  now  twenty-one  active  cen- 
ters; several  in  a  state  of  semi -activity;  and  three  or  four  which  arc 
dead,  or  practically  so.  Several  places  where  life  has  died  out  have 
been  characterized  by  change  of  local  conditions;  from  some  of  the 
places  the  active  men  have  moved  away. 

The  sum  total  of  activity  in  the  branches  during  the  past  year  will 
measure  a  very  considerable  proportion  of  the  total  interest  and  ac- 
tivity among  Institute  members  as  a  whole.     The  development  of  th^ 
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Institute  as  a  national  body,  will  be  greatly  strengthened  and  promoted 
as  the  branches,  particularly  those  in  the  leading  cities,  come  to  the 
recognized  as  the  established  local  electrical  societies  of  those  centers. 

United  Engineering  Building. — ^The  contract  for  the  building  was  award- 
ed to  Wells  Brothers  Company.  Construction  work  began  the  latter 
part  of  last  summer.  The  progress  report  of  the  Superintendent  dated 
April  23,  1906,  is  as  follows: 

Number  of  workmen,  400;  walls  up  to  thirteenth  floor;  terra-cotta 
floors  to  roof;  steel  work  finished;  plumbing  and  electric  risers  up  to 
the  fifth  floor;  heating  up  to  the  sixth  floor;  metal  lathing  started; 
boilers  set;  partitions  will  start  this  week;  work  progressing  very 
rapidly. 

A  pamphlet  containing  the  plans  of  the  building  and  a  general  state- 
ment by  the  Building  Committee  has  been  issued. 

The  United  Engineering  Society  is  now  in  communication  with  a 
number  of  engineering  bodies  with  a  view  to  their  becoming  associate 
societies,  occupying  space  in  the  building. 

Building  Fund  Committee — ^The  last  annual  report  stated  that  $66,534.50 
had  been  pledged  in  subscriptions  to  the  Land  and  Building  Fund,  and 
that  $19,301.25  had  been  paid  in  and  deposited  to  the  credit  of  the 
Fund.  The  chairman  of  the  Committee  reports  that  on  April  30,  1906, 
the  subscriptions  had  reached  a  total  of  $132,434.30  from  644  subscribers 
and  that  $88,238. 10  had  been  received  and  deposited.  Among  the 
larger  new  subscriptions  were  $5,000  from  Mr.  C.  A.  Coffin,  and  $5,000 
from  Mr.  Clarence  W.  Mackay;  $25,000  from  the  General  Electric  Com- 
pany, and  a  joint  subscription  of  $25,000  from  the  American  Telephone 
and  Telegraph  Company;  the  Western  Electric  Company;  the  New  York 
Telephone  Company  and  the  New  York  and  New  Jersey  Telephone 
Company.  Subscriptions  are  promised  by  other  electrical  manufacturing 
and  public  service  corporations,  while  the  canvass  is  also  being  carried 
on  actively  amongst  the  individual  members;  with  the  prospect  of  a 
steady  growth  in  the  amount  raised.  The  publication  of  the  plans 
for  the  United  Engineering  Building  has  been  a  decided  stimulus  to  the 
generosity  of  the  profession,  and  the  Committee  entertains  hopes  that 
the  completion  and  occupancy  of  the  building  will  enable  it  to  announce 
the  securing  of  the  entire  $200,000  desired  for  the  purpose  of  paying 
the  quota  of  the  Institute  for  the  land  and  installing  it  appropriately 
in  the  new  home. 

Committee  on  Finance. — In  addition  to  the  special  funds  already  re- 
ported, there  has  been  established  the  *'  International  Electrical  Con- 
gress of  St.  Louis  Library  Fund,"  which  was  given  to  the  Institute  by 
the  Executive  Committee  of  the  Congress  upon  closing  up  its  affairs. 
The  interest  from  this  fund  is  to  be  devoted  solely  to  the  purchase  of 
foreign  electrical  literature.  The  ordinary  receipts  during  the  fiscal 
year  were  $49,423.43;  the  ordinary  disbursements,  $40,767.22;  and  the 
net  cash  gain  was  $8,656.21. 

The  bank  balance  available  for  current  expenditures  on  April  30, 
1906,  was  $14,979.09.  Adding  to  this  sum  the  market  value  of  the 
United  States  bonds  owned  by  the  Institute,  $8,320,  makes  a  total 
of  $23,299.09  in  cash  or  its  equivalent,  immediately  available.     Und^r 
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the  Founders'  Agreement  with  the  United  Engineering  Society,  the 
Institute  is  pledged  for  its  share  of  the  cost  of  the  land  upon  which 
the  United  Engineering  Building  is  being  erected.  This  share  of  indebt- 
edness is  $180,000,  upon  which  4%  interest  is  being  paid  from  the  Build- 
ing Fund.  The  principal  is  due  in  twenty  annual  payments;  and  it  is 
to  this  purpose  that  the  Land,  Building,  and  Endowment  Fund  is  to  be 
devoted;  and  assessments  of  the  United  Engineering  Society  have  been 
paid  out  of  this  Fund.  The  advance  payment  of  about  one-quarter 
of  the  principal,  is  now  under  consideration 

Standardization  Committee, — ^This  Committee  has  held  four  meetings 
and  will  hold  one  or  two  more  before  the  summer.  The  principal  work 
undertaken  was  the  revision  of  the  Committee [s  former  report,  which 
in  the  future  it  is  proposed  to  call  *'  Standardization  Rules  of  the  A.I.E.E." 

This  revision  includes  the  correction  and  rearrangement  of  old  matter, 
the  introduction  of  new  definitions  and  classifications,  and  recommenda- 
tions regarding  new  apparatus  and  new  conditions.  After  the  Committee 
finally  passes  upon  the  revised  rules,  they  will  be  submitted  to  the  varioul 
manufacturers  and  engineers  interested,  for  suggestions  and  criticisms. 
Then  after  further  consideration  by  the  Committee  the  Rules  will  be 
referred  to  the  Board  of  Directors.  It  is  hoped  that  the  result  will  be 
a  set  of  Rules  generally  acceptable  and  permanent  for  some  yeaxs  to  come. 

It  is  proposed  to  incorporate  with  the  Rules  certain  appendices,  such 
as  Copper  Wire  Resistance  Table,  Specifications  for  Testing  Rubber 
Covered  Wires,  Notation,  and  other  matters  related  to  standardization. 

In  accordance  with  the  resolutions  passed  at  the  International  Elec- 
trical Congress,  £t.  Louis,  1904,  the  British  Institution  of  Electrical 
Engineers,  acting  as  organizer,  has  secured  the  appointment  of  national 
delegates  from  various  countries  and  arranged  for  a  meeting  to  be  held 
in  London  the  latter  part  of  June.  The  Committee  is  in  favor  of  stand- 
ardizing certain  general  features  and  methods  in  connection  with  elec- 
trical apparatus  in  regard  to  which  it  is  hoped  that  international  agree- 
ment can  be  secured. 

Committee  on  Papers. — Arrangements  were  made  for  the  holding  of 
eight  regular  monthly  meetings  at  which  were  presented  17  papers.  The 
total  registered  attendance  on  these  meetings  was  1,527,  that  is  an  aver- 
age attendance  per  meeting  of  192.  Besides  the  authors,  57  members 
participated  in  the  discussion  of  the  papers.  Arrangements  have  also 
been  made  for  the  presentation  of  twenty  papers  at  the  Annual  Con- 
vention to  be  held  at  Milwaukee  during  the  last  week  of  May. 

The  Editing  Committee. — During  the  last  twelvemonth  there  have 
been  edited  and  printed  under  the  direction  of  this  Committee  approxi- 
mately 1050  pages  of  Proceedings,  composed  of  850  pages  of  papers, 
and  190  pages  of  discussion.  Volume  XXIII,  of  the  Transactions — 
January  1,  to  December  31,  1904 — containing  approximately  838  pages 
(503  pages  of  papers  and  335  pages  of  discussion)  was  issued  to  the 
members  June  28th,  1905.  Volume  XXIV  of  the  Transactions — Janu- 
ary 1st,  to  December  31st,  1905 — containing  approximately  1150  pages, 
(940  pages  of  papers,  and  210  pages  of  discussion)  is  now  in  press,  and 
will  be  delivered  in  July  to  such  Associates  and  Members  as  have  paid 
•their  dues  for  the  current  fiscal  year,  ending  April  30th,  1907,  as 
provided  in  the  by-laws. 
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Edison  Medal  Committee. — On  July  24,  1905,  the  sub-committee  on 
Institutions  of  Learning  reported  that  of  the  institutions  which  had 
asked  to  be  placed  on  the  eligible  list,  fifty-one  (51)  had  been  found 
qualified.  The  report  of  the  sub-committee  was  approved  by  the  Medal 
Committee.  On  Aug.  4,  1905,  a  circular  letter  was  sent  to  these  fifty- 
one  institutions  advising  them  of  the  action  of  the  Committee  and  re* 
questing  that  they  present  competitors  for  the  year  1905.  Acknowledge* 
ments  were  received  from  representatives  of  eleven  institutions;  none 
of  them  presented  theses  for  1905  although  several  stated  that  they 
hoped  to  do  so  another  year. 

In  accordance  with  the  recommendations  of  the  sub-committee  on 
Institutions  of  Learning  the  Medal  Committee  has  added  four  more 
institutions  to  the  eligible  list,  making  the  present  total  55. 

A  circular  letter  dated  January  6,  1906,  and  a  copy  of  the  By-Laws 
were  mailed  to  each  institution  on  the  eligible  list,  urging  that  com- 
petitors be  presented  for  1906.  Two  copies  of  a  form  of  presentation 
notice  to  be  used  in  presenting  competitors  accompanied  each  circular 
letter.  As  these  notices  cannot  be  sent  in  until  after  the  men  have 
received  their  degrees,  none  have  been  received  up  to  the  present  time. 

John  Fritz  Medal. —  The  John  Fritz  Medal  for  1905,  was  awarded  to 
George  Westinghouse  by  the  John  Fritz  Medal  Board  of  Award,  upon 
which  the  Institute  is  represented. 

Committee  on  Law. — ^This  Committee  has  held  several  meetings  during 
the  year  for  the  purpose  of  considering  all  matters  referred  to  it 
by  the  Board  of  Directors.  The  principal  matter  referred  to  the 
Committee  was  the  revision  of  the  Constitution  and  By-Laws.  A  cir- 
cular letter  was  sent  to  the  membership  asking  for  an  expression  of 
opinion  in  regard  to  the  modifications  and  improvements  deemed  de- 
sirable in  the  present  Constitution.  All  suggestions  and  criticisms  re- 
ceived were  considered  in  detail.  A  report  including  a  draft  of  pro- 
posed revised  Constitution  was  then  formulated  and  submitted  to  the 
Board  of  Directors  and  subsequently  to  the  membership  for  letter  ballot. 

The  Committee  has  availed  itself  of  the  authority  granted  it  by  the 
Board  to  consult  the  legal  counsel  of  the  Institute  whenever  necessary. 

Committee  on  Forest  Preservation. — The  Committee  after  examining  the 
Constitution  and  By-Laws  of  various  forestry  associations,  concluded 
that  it  would  be  inadvisable  to  recommend  that  the  Institute  accept 
any  of  the  invitations  for  joint  action  regarding  forest  preservation. 

So  far  as  forest  preservation  for  the  benefit  of  the  electrical  in- 
dustry is  concerned,  forest  fires  are  of  fully  as  great  importance  as  the 
effect  on  the  lumber  industry  and  consequently  the  members  of  the 
Institute  should  be  urged  to  aid  in  making  effective  the  laws  for  the 
control  of  forest  fires.  The  Committee  also  recommends  that  special 
instructions  be  given  to  employees  by  companies  operating  water  power 
plants  and  transmission  lines  that  any  aid  given  by  their  employees  in 
checking  such  fires  is  directly  beneficial  to  these  companies. 

The  Committee  is  convinced  that  the  forestry  work  that  will  be  most 
beneficial  to  the  electrical  industry  is  such  as  will  prevent  washing 
away  of  the  land  along  the  banks  of  the  streams,  and  it  is  recommended 
that  hydro-electric  companies  consider  the  advisability  of  obtaining  from 
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the  government  or  from  a  committee  of  the  Institutb  instructions  for 
the  preservation  of  slopes  by  planting  bands  of  trees  or  shrubs  at  such 
points  as  will  tend  to  accomplish  this  restilt.  If  a  considerable  portion 
of  these  trees  be  chestnut  or  locust  a  supply  of  poles  and  pins  may  be 
obtained  therefrom  in  the  future,  thereby  directly  benefiting  the  com- 
panies for  their  efforts.  In  order  to  attract  the  interest  of  farmers 
living  on  the  water  sheds  of  streams  it  will  be  necessary  to  aid  them 
by  furnishing  additional  information  and  instructions.  This  subject  so 
far  as  the  Committee  can  ascertain  has  not  been  taken  up  by  any  of 
the  forest  associations,  although  it  is  apparent  that  the  Agricultural 
Department  is  endeavoring  to  aid  in  the  matter. 

Membership. — ^The  total  membership  at  the  close  of  last  year's  report 
was  3460,  classified  as  follows: 

Honorary  Members 2 

Members 482 

Associates 2976 

Total  May  1.  1905 3460 

Elected  prior  to  May  1,  1905,  and  since  qualified 103 

Elected  May  1,  1905,  to  April  30,  1906,  and  qualified 464 

Restored  to  Membership 2 

4029 
Deduct— 

Total  Deaths 20 

Total  Resignations 42 

Dropped  as  delinquents 97 

159 

Total  membership  April  30,  1906 3870 

The  membership  April  30,  1900,  is  classified  as  follows: 

Honorary  Members 2 

Members 508 

Associates 3360 

Total 3870 

Associates  Elected. — The  Associates  elected  during  the  year.  May  1, 
1905,  to  April  30,  1906,  and  their  present  status  is  as  follows: 

Qualified  and  now  Associates 464 

Elections  cancelled 5 

Not  qualified  on  April  30 122 

Total  elections 591 

Resigttations. — The  following  Members  and  Associates  have  resigned 
in  good  standing  during  the  year: 

Members. — Alex.  Macfarlane. 

Associates. — F.  Ramsey  Allen,  John  A.  Campbell,  C.  Weston  Clark, 
J.  U.  Clarke,  A.  Fredk.  Collins,  Erik  Cronvall,  Walter  S.  Dix,  R.  R. 
Dunlop,   J.  D.  Foy,   W.  R.  Gardener,    H.  W.  Goddard,    H.   F.   Gurney, 
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R.  H.  Hadficld,   M.  L.  Holman,   D.  A.  Holmes,  Wm.  A.  Hopkins.  C.  E- 

Hyatt,    H.  L.  Johnston,    F.   M.  Jourdan,    H.  C.  Judson,    J.  C.  Kelsey. 

F.   K.   Knowlton,     Chas.   LeBlanc,    Jos.    N.    LeConte.    W.   S.   Mallory. 

C.  R.  Metchear,  Benj.  H.  Moore,  G.  G.  Morse,  A.  E.  Payne,  J.  B.  Riddle, 

E.  B.  Rich,     A.  Wm.  Schramm.    F.  B.  Spencer,    H.  T.  Stewart.    A.  B. 

Storms,    Joe.  S.  Stout,   W.  C.  Temple,   G.   H.  Thomson,    A.   L.  Tucker, 

Frank  W.  Walker.  W.  J.  Wilgus.     Total,  42. 

Deaths. — There  have  been  during  the  year  the  following  deaths: 
Members. — ^J.  C.  Chamberlain,  Chas.  Cuttriss,  F.  A.  LaRoche,  E.  A. 

Leslie. 

Associates.— F.  A.  Churchill,  Jr.,  F.   E.   Cooley,   W.  W.   Donaldson, 

Geo.  W.  Davenport,  E.  C.  Dobbelaar,  W.  E.  Gavit,  Guthrie  Gray,  J.  H. 

Hamilton,  C.  H.  Hines,  W.  B.  Rankine,  Henry  Rustin,  Theo.  Spencer, 

I.  A.  Taylor,  H.  S.  Webb,  S.  B.  Winchester,  H.  R.  Wellman.     Total,  20. 

The  average  receipts  and   disbursements  per  capita  for  the  past  six 
years,  is  shown  in  the  following  table: 

RECEIPTS  AND  DISBURSEMENTS  PER  YEAR  PER  MEMBER. 
During  each  fiscal  year  for  the  past  six  years. 

Year 1901  1902  1903  1904  1905  1906 

Membership 1260  1549  2230  3027  3460  3870 

RECEIPTS  PER  MEMBER: 

Entrance  Fees $0.61  $1.16  $1.59  $1.65  $0.83  $0.75 

Dues 8.61  10.06  9.01  9.33  9.30  9.47 

Transactions.  Sales  and  Advertising 1.03  1.54  1.79  2.11  1.70  2.15 

Badges 18  .26  .35  .39  .28  .27 

Interest 12  .24  .21  .18  .21  .13 

$10.55  $13.26  $12.95  $13.66  $12.32  $12.77 

DISBURSEMENTS  PER  MEMBER: 

Transactions $2.83  $3.50  $4.67  $3.43  $3.77  $3.33 

Salaries 2.49  2.78  2.49  2.50  2.20  2.64 

Meeting  Expenses 1 .05  1.13  .87  1 .  16  .82  .68 

Rent 94  .94  .65  .79  .75  .68 

Library,  including  Rent  and  Salaries 55  1 .85  1  .38  1 .39  .81  .69 

Postage 40  .rA  .69  .66  .66  .58 

SUtionery  and  Miscellaneous  Printing 39  .53  .96  1.01  .70  .78 

General  Expenses 33  .59  .52  .45  .54  .29 

Badges IC  .19  .27  .35  .25  .22 

Express 15  .15  .15  .28  .22  .23 

Advertising .35 

Total $9.35  $12  17  $1E.66  $12.02  $10.72  $10.48 

Cf«dit  Balance  per  Member $1.20     $1.09     $0.30    $1.64     $1.60     $2.29 


940  ANNUAL  REPORT.  [April  30 


GENERAL   FINANCIAL   STATEMENT   AS    APPROVED  BY  THE 
BOARD  OF  DIRECTORS  MAY  14.  1906. 


May  14,  1906. 
Dr.  Schuyler  S.  Wheeler,  President  of  the  American  Institute 

OF  Electrical  Engineers,  New  York  City. 
Sir:   Pursuant  to  the  provisions  of  the  Constitution,  the  Committee 
on  Finance  has  during  the  year  exercised  supervision  over  the  financial 
affairs  of  the  Institute.      It  has  considered  all  bills  and  approved  for 
payment  such  as  constituted  a  proper  charge  against  the  Institute. 

It  has  considered  and  reported  upon  specific  appropriations,  and  has 
made  special  reports  upon  various  matters  referred  to  it  by  the  Board 
of  Directors. 

As  provided  by  the  Constitution,  it  has  employed  an  expert  accountant 
to  audit  the  accounts  of  the  Institute;  and  this  report  made  by  Messrs 
Peirce,  Proud  &  Co.,  certified  public  accountants,  has  been  approved  by 
the  Board  of  Directors,  and  is  transmitted  herewith. 
Very  truly  yours. 

J.  J.  Carty,  Chairman  Committee  on  Finance. 


15  Dey  vSt.,  New  York,  May  12,  1906. 
Mr.  John  J.  Carty, 

Chairman  Committee  on  Finances. 
Dear  Sir: 

In  accordance  with  your  instructions,  we  have  audited  the  books 
and  accounts  of  the  American  Institute  of  Electrical  Engineers  for  the 
year  ended  April  30,  1906. 

The  results  of  this  examination  are  presented  in  four  exhibits,  at- 
tached hereto,  as  follows: 

Exhibit  A.     Balance  sheet  April  30,  1906. 

Exhibit  B.  Receipts  and  disbursements  for  general  purposes  for  year 
ended  April  30.  1906. 

Exhibit  C.  Receipts  and  donations  for  designated  purposes,  also 
expenditures  on  same  for  year  ended  April  30,   1906. 

Exhibit  D.     Condensed  cash  statement. 

We  beg  to  present  attached  hereto  our  certificate  to  the  aforesaid 
exhibits. 

Yours  very  truly, 

Peirce,  Proud  &  Co., 

Certified  Public  Accountants. 
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40  Cedar  St.,  Nbw  York.  May  12,  1906. 
Mr.  John  J.  Carty, 

Chairman  Committer  on  Finance. 
Dbar  Sir: 

Having  audited  the  books  and  accounts  of  the  American  Institute  of 
£lectric£d  Engineers  for  the  year  ended  April  30th,  1906,  we  hereby  cer- 
tify that  the  accompanying  Balance  Sheet  is  a  true  exhibit  of  its  finan- 
cial condition  as  of  April  30th,  1906,  and  that  the  accompanying  state- 
ments of  Cash  Receipts  and  Disbursements  are  correct. 

Peircb,   Proud  &  Co., 

Certified  Public  Accountants. 


AMERICAN  INSTITUTE  OF 

Balance  Sheet, 
Exhibit  A. 

ASSBTS. 

Cash: 

Laod  Building  and 
Endowment  fund  980.700. 62 

Carnegie    (Library) 

fund 3.952.37 

General        Library 

fund 232.66 

Compound  Member- 
ship fund  and  in- 
terest       4.886.97 

•Mailloux  fund ....      1 .000 .75 

International  Elec- 
trical Congress  of 
St.  Louis,  1904, 
Library  fund 2.067.06 

$92,840.33 
^General    ca^h    in 

bank 14.978.34 

Secret iry's    petty 

cash  on  hand 500.00 


U.  S.  Govt,  bonds 

3s.  1918 8.000.00 

Premium  on  bonds 

(market  value) . .         320 .00 


$108,318  67 


Library    volumes 

and  fixtures 23.674.76 

Transactions 3.936 .  75 

Congress  books. .  .  318.75 

Office  furniture,  fit- 
tings, etc 3.187.90 

Badges 112.25 

Accounts  Rbcbivablb: 
Members    for    past 

dues 6.470.35 

Members  for  current 


8.320.00 


31.230.41 


dues . . 

Members     for 
trance  fees. . 


en- 


65.00 
105.00 


Miscellaneous 

Subscriptions 

Students'  dues 

For  ailvertifiing 

Total  Assets. . 


$6.(>40..35 

186.95 

41.40 

72.00 

1,662.49 


8.603  19 


.  .  .  $156,472  27 


•  The  Farmers*  Loan  and  Trust  Co.  de- 
posit account  includes  75c.  of  the  Mailloux 
Ptmd. 


ELECTRICAL  ENGINEERS. 
April  30,  1900. 


LlABTLITISS  AND  SURPLUS. 

Funds: 

Land  Building  and 

Endowment  fund  $80,700.62 

Carnegie    (Library) 

fund 3.952.37 

General         Library 

fund 232.56 

Compound  Member- 
ship fund  and  in- 
terest       4,886.97 

Mailloux  fund 1.000.75 

International  Elec- 
trical Congress  of 
St.  Louis.  1904. 
Library  fund...      2.067.06 

Reserve  fund  (U.S. 
Govt,  bonds)....      8.320.00 

Total  liabilities $101,160.33 

Surplus: 

In  cash $15,478.34 

In  property  and  ac- 
counts receivable    39.833.60 

55.311.94 

Total    liabilities   and    sur- 
plus  $156,472.27 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 

Receipts   and   Disbursements   for  General   Purposes   for   Yeak 

Ended  April  30,  1906. 
Exhibit  B. 


Rbcbipts. 


Entrance  fees.. 
Current  dues . . 

Past  dues 

Advance  dues.. 
Students  dues . 
Transfer  fees . . 
Badges 


$2,902.00 

31.7e6.30 

2.352  00 

319.00 

1.830.00 

300.00 

.    1.040.00 


Sales  Transactions. . . 

Subscriptions.  Proceed- 
ings  

Advertising 

Electrotyping  and  En- 
graving  

binding 

Exchange 

Interest  on  U.  S.  Govt, 
bonds 

Interest  on  bank  bal- 
ance  

Interest  on  Life  Mem- 
bership fund 

Royalty 

Library  account 

Sundry  amounts  re- 
ceived from  accts. 
written  off  or  car- 
ried in  suspense . . . 


$964.04 

560  75 
5.699.60 

21.45 
89.25 
19.09 

240.00 

248.73 

86.97 

180.00 

25.60 


465.62 


-$40,509.30 


8.601.10 


Total $49.110 .40 


DiSBURSBMBKTS. 


Stenographers    and 
Typewriting 

Stationery  and  Print- 
ing  

Postage 

General  expenses 

Meeting  expenses 

Branch  meetings 

Badges 

Salaries 

Electrotyping  and  En- 


graving. 
►uMsl  • 


$88.14 

2.938.75 
2.246.87 
1.068. U 

875.55 
1.762.09 

881.76 
8.211.07 

1.723.89 


Publishing     Transac- 
tions,     Printing. 

Bindmg.  etc 9343 .39 

Salary 2.000.00 

Rent 2.645.01 

Binding 1.320.03 

Express 883.72 

Office  furniture 192 .50 

Advertising    commis- 
sions   1.376.91 

Library: 

Rent $1,475.03 

Librarian's  salary 780 .00 

Library  insurance 106 .35 

Miscellaneous 313.31 

Profit  and  loss  on  % 

Library 


$38,057.79 


2.674.60 
34.74 


Total $40,767  22 

Excess  of  receipts  over 
disbursements,  de- 
posited   in   General 

fund 8.256.21 

Deposited  in  Life  Mem- 
bership fund 86 .97 

8.343.18 


$49.11040 


AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 

Receipts  and  Donations  for  Designated  Purposes,  also  Expendi- 
tures FOR  Year  Ended  April  30,  1906. 

Exhibit  C. 

Receipts. 

Land.  Building  and  Endowment  fund.  Donations.  Interest,  etc $69,549.46 

General  Library  Fund.  Interest 9.30 

Carnegie  (Library)  Fund.  Interest 121 .50 

Mailloux  Fund.  Interest 30 .00 

International  Electrical  Congress  of  St.  Louis,  1904.  Library  Fund..      2.067.06 
Life  Memberships  to  Fund 400 .00 

$72,177.32 

Expenditures. 
Land.  Building  and  Endowment  Fund,  paid  United  Engineering  So- 
ciety  $10,600.00 

Land.  Builiing  and  Endowment  Fund,  collection  and  other  expenses  996.38 

General  Library'  Fund 1 15 .85 

Carnegie  (Library")  Funri 253.30 

Mailloux  Fund 37.45 

Total  Exr>cn(litures $12,002.98 

Depo-^iicd  to  credit  ot  their  respective  fund  accounts 60.174.34 

$72,177.32 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 
Condensed  Cash  Statement. 
Exhibit  D. 

Cash  on  Depont  April  30.  1005 S39.301 .15 

Secretary's  petty  cash  April  30.  1005 '  500 .00 

S39301.15 

ReceipU  for  general  purposes.  Ex.  B 40.110 .40 

Receipts  for  designated  purposes.  Ex.  C 72,177.32 

$161,038.87 

Disbursements  for  general  purposes.  Ex.  B $40.767 .22 

Expenditures  tor  designated  purposes.  Ex.  C 12,002 .98 

— ~— — —    52.770.20 

Balance  on  hand  April  30.  1006 $108.318 .67 

On  Deposit  for  designated  purposes.  Ex.  A 92340 .33 

On  deposit  general.  Ex.  A 14,078 .34 

Secretary's  petty  cash.  Ex.  A 500 .00 

$108,318.67 


PROPERTY  ACQUIRED  DURING  THE  YEAR. 

(Reported  as  directed  by  the  Constitution.) 

Office  Furniture  and  Fixtures *lJ?-52 

Library  Books  and  Binding „  825 .00 

Paintings,  etc 2,300 .00 

Respectfully  submitted  for  the  Board  of  Directors, 

RALPH  W.  POPE, 

Secretary, 
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BUSINESS  OF  THE  IXSTITUTE. 


Address,   by   President   Schuvler   Skaats   Wheeler,   at    Milwaukee. 

Wis..  May  28,   1906. . . . .' 241 

Annual  Convention,  Milwaukee,  Wis..  Mav  28-:^l.  1906 241 

Balance  Sheet ' 941 

Board  of  Directors,  Report  of 933 

Convention,  Annual,  Milwaukee.  Wis.,  Mav  28-31.  1906 241 

Deaths  During  the  Year .' 939 

Directors,  Report  of  Board  of 933 

Discussion  on  Local   Organizations  at   Milwaukee,   Wis.,   Mav  30, 

1906 : .  .  .  .  649 

Disbursements  and  Receipts 939.  942 

Engineering    Honor.        President's  Address — by    Schuvler    Skaats 

Wheeler '. ' 241 

General  Meeting.  Twentv-third.  Milwaukee.  Wis..  May  28-31,  1906  241 
Inaugural  Address  bv  President    Samuel   Sheldon,   at   Xew   York, 

Sept.  28,   1906.  .' 661 

Institute  Receipts  and  Disbursements 939,  942 

Institute,   The  Work  of  the.      Inaugural    Address — bv    President 

Samuel  Sheldon '. 661 

Library  Committee,  Annual  Report  of 927 

Local  Organiaztions.   Discussion  on,  at   Milwaukee,  Wis.,  Mav  30. 

1906 .' 649 

Meeting,  Milwaukee,  Wis.,  Mav  28-31,   1906 241 

Meeting,  Minnesota  Branch.  Mav  4,   1906 238 

Meeting,  New  York,  Januarv  26',  1906 1,  61 

Meeting.  Xew  York.  FebruaVv  23,  1906 81 

Meeting,  New  York.  March  23,   1906 1 13 

Meeting,  New  York,  April  27.  1906 191 

Meeting,  New  York.  September  28,   1006 671,  715 

Meeting,  New  York.  October  20.  100() 735 

Meeting,  New  York,  Xoveml.)er  23.   1906 789 

Meeting,  New  York.  December  28.   1906 881 

Meeting,  Philadelphia,  April  9.  1906 165 

Meeting,  Philadelphia,  XovemlxT  12.  1906 775 

Meeting,  Pittsburg.  Februarv.  13.  19()(> 43 

Meeting,  Pittsburg,  April  10,  1906 181 

Meeting,  Pittsburg,  Octolx?r  9,  1906 712 

Meeting,  Pittsburg.  Noveml:)er  20.  1906 ;      •  ■    ''SI 

Meeting,   University  of   Wisconsin,    Madis  m.    Wis..    Deceml>er   20. 

1906 865 

Membership,  Resume  of 938 

Milwaukee  Meeting,  Mav  28-31.   190(> 241 

Minnesota  Branch,  \feeting.  Mav  4.   1906 238 

New  York  Meeting,  Januarv  26.   19()(> 1,  61 

New  York  Meeting.  Februarv  23,  1906 81 

New  York  Meeting,  March  23,  1906 113 

New  York  Meeting,  April  27,   1906 191 

New  York  Meeting.  Septem^xr  28.   1006 671,  715 

New  York  Meeting,  Octolxr  20.  1906 735 
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New  York  Meeting,  November  23,  1906 789 

New  York  Meeting.  December  28.  1906 881 

Philadelphia  Meeting,  April  9,  1906 165 

Philadelphia  Meetine,  November  12,  1906 775 

Pittsburg  Meeting.  Ferbuary  13,  1906 43 

Pittsburg  Meeting,  April  10.  1906 181 

Pittsburg  Meeting,  October  9,  1906 712 

Pittsburg  Meeting.  November  20,  1906 781 

Portrait  of  Schuyler  Skaats  Wheeler,  President  of  the  Institute, 

1905-06 Frontispiece 

President's  Address — by  Schuyler    Skaats  Wheeler,  at  Milwaukee, 

Wis.,  May  28,   1906 241 

Receipts  and  Disbursements 939,  942 

Report,  Annual,  of  Board  of  Directors 933 

Report,  Annual,  of  the  Library  Committee 927 

Twenty-third   General   Meeting  at   Milwaukee,    Wis.,    May  28-31, 

1906 241 

University  of  Wisconsin  Meeting,  December  20,  1906 865 

Wheeler.    Schuyler   Skaats,    President   of  the   Institute,    1905-06. 

Portrait  of Frontispiece 

Work  of  the  Institute,   Inaugural  Address,   by  President   Samuel 

Sheldon 661 


PAPERS  AND  DISCUSSIONS. 


Alternating-Current  Wave  Form,  The  Effect  of  Iron  in  Distorting. 

(Illustrated.) 671 

Alternator,  A  Self-Exciting.     (Illustrated.) 61 

Alternators,  Heat  Tests  on.     (Illustrated.) 311 

Alternators,  Self-Synchronizing  of 453 

Art  of  Inventing.     (Illustrated.)     (Edwin  J,  Prindlc.) 519 

Audion,  The.  A  New  Receiver  for  Wireless  Telegraphy.  (Illus- 
trated.)    {Lee  De  Forest.) 735 

Automatic  Safety  Devices  for  Steam- Engines,  Turbines,  and  Mo- 
tors.    (Illustrated.)     (Charles  M.  Heminway.) 635 

Cable,  Underground,  Comments  on  Present  Practice 205 

Cables,  Rubber-Covered,  Standardizing 191 

Churches,  Notes  on  the  Lighting  of.     (Illustrated.) 643 

Comments  on  Present  Underground  Cable  Practice.     (Wallace  S. 

Clark.) 205 

(Comparison    of    Two-    and     Three- Phase     Motors.     (Illustrated.) 

(Bradley  McCormick.) 295 

Converters,     Synchronous,     Shunt-    and     Compound-Wound,     for 

Railway  Work 549 

Current  Transformer.    (Illustrated.)     (Kcmuth  L.  Curtis.) 715 

Design  of  Hydroelectric  Power  Stations,  Notes  on.     (Illustrated.)     145 

Devices.    Automatic    Safety,    for    Steam-Engines.    Turbines,    and 

Motors.     (Illustrated.)'. 635 

Direct-Current    Motor    Design   as    Influenced    bv   the    Use   of  the 

Inter-Pole.     (Illustrated.)     (C.  H.  RcdvU.) .' 329 

Discussion  on  "  A  New  Method  of  Turbine  Control."  at  Philadel- 
phia. April  9,  1906 178 

Discussion  on  "  A  Self-Exciting  Alternator,"  at  New  York,  Janu- 
ary 26,  1906 78 

Discussion   on    "  Comparison   C)f  Two-  and   Three-Phast^   Motcjrs," 

at  Milwaukee,  Wis..  May  28.  1906 307 

Discussion    on    "  Direct -Current    Motor    Desijjjn    as    Influenced    by 

the  Use  of  the  Inter- Pole,"  at  Milwaukee.  Wis..  May  28,  1906     340 

Discussion  on  "  Engineering  Honor,"  at  Milwaukee.  Wis.,  May  30, 

1906 266 

Discussion  on   "  Heat-Tests  on  Alternators."  at   Milwaukee,   Wis., 

May  28,  1906 326 

Discussion  on  "  Lightning  Arresters."  at  Milwaukee.  Wis.,  May  29, 

1906 427 

Discussion  on  "  Local  Organizations,"  at  Milwaukee,  Wis..  May  30, 

1906 649 

Discussion    on    "  Magnetic    Properties    of    Eleetrolvtic    Iron,"    at 

Milwaukee.   Wis.,    May  30.    190t) 466 

Discussion  on  "  Measurement  of  Tenijierature  bv  Electrical  Means," 

at  Milwaukee.  Wis..  May  30.   190() '. 505 

Discu.ssion  on  "  Power  Plant   Economics."  at   New  York.  January 

26,  1906 28 

Discussion  on  "  Power  Plant  Economies."  at  Pitt.sburg,  Pa..  Feb- 
ruary 13.  190(5 43 

Discussion    on    "  Recent     Investigation    of    Lightning    Protective 

Apparatus,"  at  New  York.  I)ecem>>er  2S.   1900 901 

Discussion   on  the   "  Repulsion   Induct icm   Motor."  at    Milwaukee, 

Wis.,  May  28,    1906 291 
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Discussion    on     "  Shunt-     and      Compound -Wound     S>xchronous 
Converters   for    Railway    Work,"    at    Milwaukee,    Wis.,    May 

30.  1906 554 

Discussion  on   "  Some  Features  Affecting  the   Parallel  Operation 
of  Synchronous  Motor-Generator  Sets,"  at  New  York,  March 

23,  1906 137 

Discussion   on    "  Some    Fundamental   Characteristics   of   Mercury 

Vapor  Apparatus."  at  Milwaukee.  Wis..  May  31,  1906 627 

Discussion  on   '  Standardizing  Rubber-Covered  Wires  and  Cables," 
and  "  Comments  on  Present    Underground    Cable    Practice," 

at  Minnesota  Branch,  May  4,  1906 238 

Discussion  on  "  Standardizing  Rubber-Covered  Wires  and  Cables," 
and  "  Comments  on  Present  Underground  Cable  Practice,"  at 

New  York,  April  27,  1906  214 

Discussion  on  *' Telephone  Engineering,"  at  Xew  York,  February 

23,  1906 106 

Discussion  on  "  The  Art  of  Inventing,"  at  Milwaukee  W^is..  Ma  v. 

30.  1906....  : .'.      542 

Discussion  on  "  The  Audion;  A  Xew  Receiver  for  Wireless  Tele- 
graphy," at  New  York.  October  26.  1906 764 

Discussion  on  "  The  Audion."  at  Philadelphia  November  12,  1906     775 
Discussion  on  "The  Current  Transformer,"  at  New  York,  Septem- 
ber 28,  1906 727 

Discussion  on  "  The  Educational  Value  of  an  Electric  Test -Car," 

at  Milwaukee,  Wis..  May  30.    1906 518 

Discussion    on    "  The    Effect    of    Iron    in    Distorting   Alternating- 
Current  Wave  Form."  at  New  York.  September  28.  1906 692 

Discussion    on    "  The    Effect    of    Iron    in    Distorting   Alternating- 
Current  Wave  Form."  at  Pittsburg.  Pa..  October  9,  1906 712 

Discussion    on    "  Transformation    of   Electric    Power   into    Light." 
and    "  New   Tvpes   of   Incandescent    Lamps,"   at    New    York, 

November  23,'l906 849 

Economics,  Power  Plant.      (Illustrated.) 1 

Economies  to  be   Derived   from  the   Utilization   of  Water   Powers 
of  Low  Head  in  the  Central  West.      (Illustrated.)      (Dugald  C. 

Jackson.) 585 

Effect    of    Iron    in    Distortinj^    Alternating-Current     Wave    Form. 

(Illust^ rated.)      {Frederick  Bedell  and  Elbert  B.   Tiittle.) 671 

Electric  Power,  Transformation  of  into  Light.      (Illustrated.) 789 

Electric   Power  Transmission.      (Illustrated.)      (Frederick   Darling- 
ton.)       181 

Electrical  Connections  for  Power  Stations.     (Illustrated.)     (David 

B.  Rushmore.) 5.^9 

Electrolytic  Iron,  Magnetic  Properties  of.      (Illustrated.) 459 

Engineering     Honor.         (President's    Address.)     (Schuyler    Skaats 

Wheeler.) ' 241 

Engineering.  Telephone 81 

Heat  Tests  on  Alternators.    (Illustrated.)    (Sebastiaan  Senstius.) . . .     311 

High-Tension  Outlets.     (Illustrated.)     (Alvin  Meyers. ^ 865 

Hvdroelectric  Plants.  The  Relation  of  Load-Factor  to  the  Evalua- 
tion of.      (Illustrated.) 139 

Hydroelectric  Power  Stations.   Notes  on   Design  (^f.     (Illustrated.)      145 

Incandescent    Lamps,    New   Types  of.      (Illustrated.) 815 

Induction  Motors,   Repulsion.      (Illustrated.) 269 

Institute,  The  Work  of  the 661 

Inter-Pole,    the    Use    of,    its    Influence    on    Direct -Current    Motor 

Design.      (Illustrated.). 329 

Interurban   Test-Car  of  the    University   of   Illinois.      (Illu.st rated.) 

{Thomas  M.  Gardner.) 507 

Inventing.  The  Art  of.      (Illustrated.) 519 

Iron,   KlcLtnilvtic.   Ma^retic   Projverties  (^f.      (Illustrated.) 459 

Iron,    The    Eftect     of.     in     Distort  in  l;    Alterr.atirg-Current     Wave 

Form.      (Illustrated.) '. 671 
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Lamps,  Incandescent,  New  Types  of.     (Illustrated.) 815 

Light,  Transformation  of  Electric  Power  into.     (Illustrated.) 789 

Lighting  of  Churches,  Notes  on  the.     (Illustrated.) 643 

Lightning  and  Static  Strains,   Protective  Apparatus  for.     (Illus- 
trated.)       399 

Lightning  and  Static  Strains,  Some  Experiences  with,  on  a  33,000- 

Volt  Transmission  System.     (Illustrated.) 349 

Lightning  Protective  Apparatus,  Recent  Investigation  of.     (Illus- 
trated.)       881 

Load-Factor,  The  Relation  of,  to  the  Evaluation  of  Hydroelectric 

Plants.     (IllustratedO 139 

Magnetic   Properties  of  Electrolytic   Iron.     (Illustrated.)     (C.   F. 

Burgess  and  A.  Hoyt  Taylor.) 459 

Measurement  of  Temperature  by  Electrical  Means.     (Illustrated.) 

{Edwin  F.  Northrup.) 473 

Mercury  Vapor  Apparatus,  Some  Fundamental  Characteristics  of. 

(Illustrated.) 601 

Methods  of  Testing  Protective  Apparatus.     (Illustrated.)     {E.  E. 

F.  Creighton.) 365 

Motor  Design,    Direct -Current,   as  Influenced   bv  the   Use  of  the 

Inter-Pole.     (Illustrated.) ' 329 

Motor-Generator  Sets.  Synchronous,  Some  Features  Affecting  the 

Parallel  Operation  of.     (Illustrated.) 113 

Motors,  Automatic  Safety  Devices  for.      (Illustrated.) 635 

Motors,  Comparison  of  Two-  and  Three-Phase.      (Illustrated.) 295 

Motors,  Repulsion  Induction.     (Illustrated.) 269 

New  Method  of  Turbine  Control      (Illustrated.)      (Lantar  Lyndon.)     165 
New  Types  of  Irxandescent   Lamps.      (Illustrated.)      {Clayton  H. 

Sharpy 815 

Notes  on  Design  of    Hydroelectric  Power  Stations.     ^Illustrated.) 

{David  B.  Rushmore.) , 145 

Notes   on   the    Lighting   of    Churches.      (Illustrated.)      {Edwin    R. 

Weeks.) 643 

Outlets,  High-Tension .      (Illustrated.) 865 

Parallel   Operation   of   Synchronous    Motor-Generatcjr   Sets.    Some 

Features  Affecting  the.      (Illustrated.) 113 

Plants,  Hydroelectric,  The  Relation  of  Load-Factor  to  the  Evalua- 
tion of.      (Illustrated.) 139 

Power,  Electric,  Transformation  of  into  Li^ht.      (Illustrated.^ . , .  .      789 

Power  Plant  Economics.      (Illustrated.)      {Henry  G.  Stott.) 1 

Power  Station,  Electrical  Connections  for.      (Illustrated.) 559 

Power  Stations.  Hydroelectric,  Notes  on  Design  of.      (Illustrated.)      145 

Present  Underground  Cable  Practice,  Comments  on 205 

Protective   Apparatus   for   Lightning  and    Static    Strains.      (Illus- 
trated.     {H.  C.   Wirt.) 399 

Protective  Apparatus,  Lightning,  Recent  Investigation  of.      (Illus- 
trated.)        S81 

Protective  Apparatus,  Methods  of  Testing.      (Illu-strated.) 365 

Receiver  for  Wireless  Telegraphy,  Xew,  The  Audion.      (Illustrated.)     735 

Receivers,    Wireless  Telegraph.      (Illustrated.) 781 

Recent  Investigation  of  Lightning  Protective  Apparatus.      (Illus- 
trated.)     (R.  P.  Jackson.) 881 

Relation  of  Load-Factor  to  the  Evaluation  of  Hvdroelectric  Plants. 

(Illustrated.)      (5.  B.  Storcr.) '. 139 

Repulsion  Induction   Motor.      (Illustrated.)      (Maurice  Mitch.) 269 

Rubber-Covered  Wires  and  Cables.  Standardizing 191 

Safety  Devices,  Automatic,  for  Stcam-Engines,  Turbines  and  Mo- 
tors.     (Illu.strated.) 635 

Self-Exciting  Alternator.      (Illustrated.)     (E.  F.  Atexandcrson.) .  .  ..        61 
Self-Synchronizing   of   Alternators.      {Mori^an    Brooks   and    M.    K. 

Akers.) .  .^ .^ .      453 

Shunt-  and  Compound-Wound   Svr.chn.)nous  Converter^  tor   Rail- 
way Work.      {W.  L.   Waters.) 549 


950  INDEX 

Some  Experiences  with  Lightning  and  Static  Strains  on  a  33,000- 

Volt  Transmission  System.     (Illustrated.)     (Farlev  Osgood.) , ,     349 
Some  Features  Affecting  the  Parallel  Operation  of  Synchronous 

Motor-Generator  Sets.     (Illustrated.)     {J.  B.  Taylor.) 113 

Some  Fundamental  Characteristics  of  Mercury  Vapor  Apparatus. 

(Illustrated.)     (Percy  H.  Thomas.) 601 

Standardizing  Rubber-Covered  Wires  and  Cables.     (John  Langan.)     191 
St^am- Engines,  Turbines,  and  Motors,  Automatic  Safety  Devices 

for.     (Illustrated.) 635 

Strains,   Lightning  and  Static,   Protective  Apparatus  for.     (Illus- 
trated.)        399 

Strains,  Lightning  and  Static,  Some  Experiences  with,  on  a  33,000- 

Volt  Transmission  System.     (Illustrated.) 349 

S)mchronous  Converters,  Shunt-  and  Compoimd- Wound,  for  Rail- 
way Work 549 

Synchronous  Motor-Generator  Sets,  Some  Features  Affecting  the 

Parallel  Operation  of.     (Illustrated.) 113 

Telegraph  Receivers,  Wireless.     (Illustrated.) 781 

Telegraphy,  Wireless,  The  Audion,  A  New  Receiver  for.     (Illus- 
trated.)       735 

Telephone  Engineering.     (./•  /•  Carty.) 81 

Temperature.  Measurement  of  by  Electrical  Means.     (Illustrated.)     473 
Test-Car,  Interurban,  of  the  University  of  Illinois.     (Illustrated.)..     507 

Testing  Protective  Apparatus,  Methods  of.     (Illustrated.) 365 

Tests,  Heat,  on  Alternators,      (Illustrated.) 311 

Theoretical  Investigation  of  Circuit  Containing  Distributed  Induct- 
ance,  Series  Capacity,  and  Shunt  Capacity,   Applied  to  the 

Multigap  Lightning- Arrester.     (C.  P.  Steinmetz.) 448 

Transformation     of     Electric     Power     into     Light.     (Illustrated.) 

(Charles  Proteus  Steinmetz.) 789 

Transformer.  The  Current.     (Illustrated.) 727 

Transmission,  Electric  Power.     (Illustrated.) 181 

Turbine  Control,  A  New  Method  of.      (Illustrated.) 165 

Turbines.  Automatic  Safety  Devices  for.      (Illustrated.) 635 

Underground  Cable  Practice,  Present,  Comments  on 205 

Water  Powers  of  Low  Head  in  the  Central  West,  Economies  to  be 

Derived  from  the  Utilization  of.     (Illustrated.) 585 

Wave  Form.  Alternating-Current,  the  Effect  of  Iron  in  Distorting. 

(Illustrated.) 671 

Wireless  Telegraph  Receivers.    (Illustrated.)    (5.  M.  Kininer.) 781 
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